US007412637B2

12y United States Patent (10) Patent No.: US 7,412,637 B2

Wang et al. 45) Date of Patent: Aug. 12, 2008
(54) METHOD AND APPARATUS FOR OTHER PUBLICATIONS
BROADCASTING TEST PATTERNS IN A
SCAN BASED INTEGRATED CIRCUIT I. Bayraktaroglu, and A. Orailoglu, “Test Volume and Application
Til}lle Reduction Through Scan Chain Concealment,” Proc., IEEE
(75) Inventors: Laung-Terng (L.-T.) Wang, Sunnyvale, 38 Design Automation Conf.,, pp. 151-155, 2001.
CA (US); Boryau (Jack) Sheu, San _
Jose, CA (US); Zhigang Jiang, San (Continued)

Jose, CA (US); Zhigang Wang, Primary Ikxaminer—James C Kerveros

Sqmyvale, CA _(US);‘ Shianling W, (74) Attorney, Agent, or Firm—Bacon & Thomas, PLLC
Princeton Junction, NJ (US)

i 57 ABSTRACT
(73) Assignee: Syntest Technologies, Inc., Sunnyvale, (57)

CA (US)

A broadcaster, system, and method for reducing test data

(*) Notice: Subject to any disclaimer, the term of this Gt AT ~ ‘
volume and test application time 1n an ATE (automatic test

patent 1s extended or adjusted under 35

U.S.C. 154(b) by 254 days. equipment) in a scan-based integrated circuit. The scan-based
integrated circuit contains multiple scan chains, each scan
(21) Appl. No.: 11/348,519 chain comprising multiple scan cells coupled in series. The
broadcaster 1s a combinational logic network coupled to an
(22) Filed: Feb. 7,2006 optional virtual scan controller and an optional scan connec-
_ o tor. The virtual scan controller controls the operation of the
(65) Prior Publication Data broadcaster. The system transmits virtual scan patterns stored
US 2006/0242502 Al Oct. 26, 2006 in the ATE and generates broadcast scan patterns through the
broadcaster for testing manufacturing faults in the scan-based
Related U.S. Application Data integrated circuit. The number of scan chains that can be
(63) Continuation-in-part of application No. 10/339,667, supported by the ATE 1s significantly %ncreased. Methods-are
filed on Jan. 10, 2003. turther proposed to reorder scan cells 1n selected scan chains,
to generate the broadcast scan patterns and virtual scan pat-
(51) Int.Cl. terns, and to synthesize the broadcaster and a compactor 1n

GOIR 31/28 (2006.01) the scan-based integrated circuit.

(52) US.CL e 714/729

(58) Field of Classification Search ................. 714/°726, The scan architecture used can also be random access scan
714/729, 733, 738 based, where the integrated circuit comprises an array of
See application file for complete search history. random access scan (RAS) cells that are randomly and
(56) References Cited unmiquely addressable. In random access scan, test patterns

can be applied by selectively updating RAS cells and test

U.S. PATENT DOCUMENTS responses can be observed through a direct read-out process.
Eliminating the shifting process inherent 1n serial scan, ran-

4,503,537 A 3/1985 McAnney dom access scan produces much lower test power dissipation

5,701,309 A 12/1997 Gearhardtet al. .......... 371/25.1 .
than serial scan.
(Continued) 86 Claims, 33 Drawing Sheets
e e am e e re101
................................................................................. el L
"I _ l Enmpaclurr l 2113
.................................................................. 288
I.:I:IJ .-+ ¢
s RC RC s % = RC
o PO
'§‘ RE RC: o o o |RC / >
g
& . . RAS .
:e_ » » Core - Pi
~311a
RC RC [ ] [ ] » R
. & @ 2108
- > Column Conirol Loplc
F Y F Y r
S o 8 | e | |
E EHC 11 .'I Broadcaster
B R = B |
¥irlual Scan Faltems .
Pasan"FBil-i—i— Comgaratot e
1
Expected Test Responses E
ATE!

T L e L L

............
e emmmsmram e i —AEEEErFTIrr——dy-—EAEESETEFsESsTrTrmESLALy s sEaErrEet LS dEEE S E R RS



US 7,412,637 B2
Page 2

U.S. PATENT DOCUMENTS

5,923,836 A 7/1999 Barch etal. ............ 395/183.09
5,991,909 A * 11/1999 Rajskietal. ................ 714/729
6,256,760 Bl 7/2001 Carronetal. ............... 714/726
6,327,685 Bl 12/2001 Koprowski et al. .......... 714/733
6,327,687 Bl 12/2001 Rajski et al.

6,543,020 B2 4/2003 Ragskietal. ................ 714/738
6,611,933 Bl 8/2003 Koenemann et al.

6,684,358 B1* 1/2004 Rajskietal. ................ 714/739

OTHER PUBLICATIONS

I. Hamzaoglu, and J.H. Patel, “Reducing Test Application Time for
Full Scan Embedded Cores.” Proc., IEEE 29® Fault-Tolerant Com-
puting Symposium, pp. 260-267, 1999.

S. Hellebrand, J. Rajski, S. Tarnick, S. Venkataraman, and B. Courtis,
“Built-in Test for Circuits with Scan Based Reseeding of Multiple
Polynomial Linear Feedback Shift Registers™, IEEE Transactions on
Computers, vol. C-44, pp. 223-233, Feb. 1995.

A. Jas, B. Pouya, and N. Touba, “Virtual Scan Chains: A Means for
Reducing Scan Length in Cores,” Proc., IEEE VLSI Test Sympo-
sium, pp. 73-78, Apr. 2000.

B. Koenemann, “LFSR-Coded Test Patterns for Scan Designs”,
Proc., European Test Conf., pp. 237-242, 1991.

K.-J. Lee, J.-J. Chen, and C.-H. Huang, “Broadcasting Test Patterns
to Multiple Circuits”, IEEE Transactions on Computer-Aided Design
of Integrated Circuits and Systems, vol. 18, No. 12, pp. 1793-1802,
Dec. 1999,

A.R. Pandey, and J.H. Patel, “An Incremental Algorithm for Test
Generation in Illinois Scan Architecture Based Designs,” Proc., IEEE
2002 Design, Automation and Test in Europe (DATE), pp. 368-375,

2002.

J. Rajski, J. Tyszer, and N. Zacharia, “Test Data Decompression for
Multiple Scan Designs with Boundary Scan”, IEEE Transactions on
Computers, vol. 47, No. 11, Nov. 1998.

H. Ando, “TestingVLSI with Random Access Scan,” Proc. of
COMPCON, pp. 50-52, Feb. 1980.

D.H. Baik et al, “Progressive Random Access Scan: a Simultaneous-
Solution to Test Power, Test Data Volume and Test Time,” Proc.
International Test Conf., paper 15.2, 2005.

B. Bhattacharya et al, “Double-Tree Scan: a Novel Low-power Scan-
path Architecture,”Proc. International Iest Conf., pp. 470-479, Oct.
2003.

S. Kajihara et al, “Test Vector Modification for Power Reduction
During Scan Testing,” Proc. In VLSI Test Symposium, pp. 160-165,
May 2002.

A.S. Mudlapur et al, “A Random Access Scan Architecture to Reduce
Hardware Overhead,” Proc. Int'l Test Conf., Paper 15.1 (9 pages),
Nov. 2005.

S. Wang et al, “ATPG for Heat Dissipation Minimization During Scan
Testing,” Proc. European Design Automation Conf., pp. 614-619,
Jun. 1997,

X. Wen et al, “On Low-Capture-PowerTest Generation for Scan
Testing,” Proc. In VLSI Test Symposium, p. 265-270, 2005.

* cited by examiner



U.S. Patent Aug. 12, 2008 Sheet 1 of 33 US 7,412,637 B2

Y fon
102 107
ATE CUT

10 SC108 _-SCN109

. 1] eee ]
. Combinational Logic %

el

LR LTI T I TR~ LN LI TRERTN ] JYTHWERFNW. - o g o A H-.-

Test
Patterns

L e O T -l okl

|...

104

Test

Responses 112

LLL L E bl Ll Ll L L DL S R IR P LT T T AryppyYFEREERERES AL AR TTTLIL]

105

. i |15 s
Pass/Fail « Comparator '

106

Expected
Test

Responses

B e D e e B R O T e e I I o L e I O e ol o A I Bl o T o o A e o B e e I B e - e

PRIOR ART
FIG. ]



U.S. Patent Aug. 12, 2008 Sheet 2 of 33 US 7,412,637 B2

1T R e —————— R TR I P PR T L L LR Rl Ll Ll Ll il b | S Il J N ———y R Ty e e R LT T L B T o L e T LI LI T L Dl b Eal o il ek - il el G S TE EEEY TEE FHE T I TERTS

" 2p2 207 ';

ATE

214

203

!"215

Broadcaster

Broadcast Scan Patterns

Virtual
Scan
Pattems

217

204

ey 10 1o o ST DT EN L LE L] (A1 1] L]

Test
Responses

N
-4

- whotios s ik i

5

R
| |22z
: j
B

Pogeagarap ¥ PP PP EFp N TR R TN IR DN TI N TR LE N LT R L L TR R R TRl Dl bbb

-]

Expected

| Test
i Responses

B el ok el i Bl e ol ol el el e e sl L L B PN

.t e o il L B I ER I B N PR R SETr e pu p A SR L pa b b MR R R ma s R AN NI EERE AL R R RR A rm ik v AL AR SRR Fr e AR

FIG. 2



U.S. Patent Aug. 12, 2008 Sheet 3 of 33 US 7,412,637 B2

Broadcast
Scan
Inputs

r—H

14 |[-315

Broadcaster

---------

--------- 302
N i

CUT sc Y
1 seNL. B B .. B B B » B

303 ~304 “-305 306 “-307 “~308 ™“~309 “~310 “311 “-312

PRIOR ART
FIG. 3



U.S. Patent Aug. 12, 2008 Sheet 4 of 33 US 7,412,637 B2

Broadcast
Scan
Inputs

—

407

Virtual
SCﬂn (........4’,/

L]

Pattems = ———i-

401

Broadcaster 402

Combinational Logic Network |
R

Broadcast —
Scan ol B ‘T_:_,
Patterns r——
404
SC CUT

' | B

405 = = - n
SCN

4 06 H ahé H & 5 & o I

N B N

FIG. 4



U.S. Patent Aug. 12, 2008 Sheet 5 of 33 US 7,412,637 B2

Broadcast
Scan
Inputs
518 51% 520
X2 X1 X0 501

Brosdcaster — 02

Combinational
Logic
MNetwork

) SCN i
510 11 512 513 514 515 516 17

FI1G. SA



U.S. Patent Aug. 12, 2008 Sheet 6 of 33 US 7,412,637 B2

531

X2 Xl Y7 Y6 Y5 Y4 Y3 Y2 Y1l YO

0 0O O 0 1

-

== B G e I B
— ] ] e
| o |
-1 O | O
1Ol O
m | O | e
ol -1 O

- p—
-

-

e

-

s

ot

&

o

-

-
-
et
s
-
-
—

FIG. 5B



U.S. Patent Aug. 12, 2008 Sheet 7 of 33 US 7,412,637 B2

Broadcast
Scan
Inputs
i
581 1 -582 583
X2 i’ X1 X0 561

Broadcaster

Combinational
Logic
Network

Connector

CuUT

*ee
BRI . A
T

578 Ksg0

FIG. 5C



U.S. Patent Aug. 12, 2008 Sheet 8 of 33 US 7,412,637 B2

Broadcast Scan Inputs Input Constraints

Y4 Y3 Y2 Y1 YO
0 J, 0 0 l

591

5
X
S

F1G. 5D



U.S. Patent Aug. 12, 2008 Sheet 9 of 33 US 7,412,637 B2

Broadcast Virtual
Scan Scan
Inputs Inputs
608 609
Virtual B : —- R
Scan ¢ —
Patterns , i - . .

Broadcaster

T e v
VLrtual Scan Controller - } Oufp?ﬂts
(optional)

Combmatmnal Loglc Network

Scan Connector

612
Broadcast
Scan ¢ il
Patterns

& _ B
606 - — -
SCN
607 ase : L L L N R

_ B _ L

FIG. 6



U.S. Patent Aug. 12, 2008 Sheet 10 of 33 US 7,412,637 B2

Virtual Broadcast
Scan Scan
inputs Inputs
726 727 728 729

701

Broadcaster

Virtual
Scan
Controller

Combmatmnal

Logl
Ne ork
706 |707 711 (712 |713
-—- ----
) e
CuUT SC

715

|
i
SCNL. -

716 717 718 719 720 721 722 723 724 725

FIG. 7



U.S. Patent Aug. 12, 2008 Sheet 11 of 33 US 7,412,637 B2

Virtual Broadcast
Scan Scan
Inputs Inputs

825 | -826 827 |-828

801

Broadcaster -
s

Virtual
2-to-4 Decoder

Scan
Controller
U
—_--——

]
ndll-l
L ]

Combinational F---

Logic
Network = T T = U T

805 |806 |807 (808 - |809 |810 (811 |812

CUT y
3 u B B
814 i i i : i E .
JSCN L H % u n B N
815 816 817 818 819 820 821 822 823 824

FIG. 8



U.S. Patent Aug. 12, 2008 Sheet 12 of 33 US 7,412,637 B2

Virtual Broadcast Virtual
Scan Scan Scan
Input Inputs Output

TDI —A TDO
932 933 |-934 835

901
Broadcaster

Virtual
Scan
Controller

907 908 909 910

Combinational F_-- ___

Logic

Network N/ < v "/ v
912|913 -914|>~915| 216 17918 |~919

CuUT

N

921 I L
E i
SN L N N u B

l l
922 923 924 925 926 “927 928 929 930 931

FIG. 9



U.S. Patent Aug. 12, 2008 Sheet 13 of 33 US 7,412,637 B2

Virtual Broadcast Virtual
Scan Scan Scan
Input Inputs Output
TDI —A TDO

1023 1024 | -1025 1026

e[ [ [

Scan
Controller

Combinational P [, .

Logic
Network

CUT SC

1013 \101¢ 1015 1016 1017 ‘1018 1019 1020 1021 1022

FIG. 10



U.S. Patent Aug. 12, 2008 Sheet 14 of 33 US 7,412,637 B2

Virtual Broadcast Virtual
Scan Scan Scan
Input Inputs Qutput

TDI — TDO
1127 1128 1129 1130

11012

Broadcaster

Virtual
Scan
Controller

Combinational
Logic
Network

CUT

FI1G. 11



U.S. Patent

Broadcaster

Logic
Network

Scan
Connector

Virtual
Scan
Input

TDI

Aug. 12, 2008

s 1224

1228

1202
Virtual Scan Controller
- r.-122.9 1230 12321
X2 X1 X0
1203

Combinational

Sheet 15 of 33 US 7,412,637 B2
Virtual Broadcast
Scan Scan
Output Inputs
TDO N
1225 1226 1227 1203

1236
YC
1207
\/
212
1213

.
| B
i
. . £ '
u] -
1221

1218 1219

FIG. 12



U.S. Patent Aug. 12, 2008 Sheet 16 of 33 US 7,412,637 B2

Broadcast Scan Patterns

1307 L E R 1301

1308
1304

Compactor -
MC
1311
Mask Network

o _.

XOR Network
or
Multiple-Input Signature Register (MISR)

1310

FIG. 13



U.S. Patent Aug. 12, 2008 Sheet 17 of 33 US 7,412,637 B2

Broadcast Scan Pattemns

/———A_—'—\

1433 1434 1435 1436 1437 1438 1439 1440 1401

1447 | . 1448
1411

Modified————————————1—— 11—
| 2-to4 ———-—-—

Compactor

MC1
1429

MC2
1430

1449

XOR Network

431 432

FIG. 14



U.S. Patent Aug. 12, 2008 Sheet 18 of 33 US 7,412,637 B2

Broadcast Scan Patterns

1532 1533 1534 1535 1536 1337 1538 13392

1501
CUT SC
n a 0 n
1502 = = E i — E
H H n B

1540 1541 15486 1547
| 1511

T
.=--—--

L
BEEEEE

ip'e'["pm M (MI;R)

1328

FIG. 15



U.S. Patent Aug. 12, 2008 Sheet 19 of 33 US 7,412,637 B2

Broadcast Virtual
Scan Scan
Input Input

1614 1615
1601

Broadcaster 1602

Virtual Scan Controller

Combinational
Logic
Network

CUT

1612

Combinational m

Logic

1613

FIG. 16A



U.S. Patent Aug. 12, 2008 Sheet 20 of 33 US 7,412,637 B2

Broadcast Virtual
Scan Scan
Input Input

1614 1615

1601
1602

Virtual Scan Controller

Broadcaster

Combinational

Logic

Nefwork

CUT

llllllllllllllll

1607
E Al %1 -----------------------
: : 1612
Combinational
S Logic /i [ &
1613

FIG. 16B



U.S. Patent Aug. 12, 2008 Sheet 21 of 33 US 7,412,637 B2

Broadcast Virtual
Scan Scan
Input Input

1614 1615
1601

Broadcaster F 1602
Virtual Scan Controller

Combinational
Logic
Network =

Connector

1605
CUT

1607 /_,..w"'ﬂﬁ

| |

.

*

[ ]

| |

[ ]

| |

&

)

H

H

| ]

M

H H

» H

n R .

n : -

=

. -

- H

- ]

4 +

¥ -

- 14

. -

. -
-
&
[ ]

f 1612

% |
Combinational m

Logic

1613

FIG. 16C



U.S. Patent Aug. 12, 2008 Sheet 22 of 33 US 7,412,637 B2

1701 2 17022
HDL Code Foundry Library
Compilation
1703

< 1704 = ==

Sequential Circuit Model

Transformation
1705

Combinational Circuit Model

Input-Cone Analysis
Original Scan Order 1707

1710 .
Scan Cell Reordering

Scan Order Constraints 1708

<1709 "=

HDL Test Benches

and
ATE Test Programs

Report Files
1712

FIG. 17



U.S. Patent Aug. 12, 2008 Sheet 23 of 33 US 7,412,637 B2

1801 = 1802 =
HDL Code Foundry Library

Compilation
1803

1810 >
Sequential Circuit Model

Transformation
1805

1806

Combinational Circuit Model

Random-Pattern Fault Simulation
1807

Automatic Test Pattern Generation
1808

Limiting Criteria Reached ?

No

Report Files
1812

HDL Test Benches

and
ATE Test Programs

FIG. 13



U.S. Patent Aug. 12, 2008 Sheet 24 of 33 US 7,412,637 B2

1902 =
HDL Code Foundry Library

Compilation
1903

Sequential Circuit Model

1908 -
Broadcaster Synthesis

Broadcaster Constraints .
Compactor Synthesis
Compactor Constraints 1906 .
Stitching
1907

Stitching Constraints

Report Files

Synthesized HDL Code
1912

FIG. 19



U.S. Patent Aug. 12, 2008 Sheet 25 of 33 US 7,412,637 B2

Processor

2001

FIG. 20



US 7,412,637 B2

Sheet 26 of 33

Aug. 12, 2008

U.S. Patent

bk O e A il R B . HE BN B wy
Illil.l.l--.:I-lll.---l!l"lll-IIIII.'..-I.I.-I-I.IIII..I—III-II-.I . L]

i ol Ea B
.lq.-nl,.l.l...ll_l_l_lIll..l.__l.l._l.lllllI_l_._l..l._l_lI_.._l..l.l..l_I_._.l...l._.llllllllll|.l..l.-.l.._.l|_|_l.lulll._l..|.._l.l.
s - T P A A T T T T g T e

I
!
k
. 1 "
1 ’ -
| , .
i - \
1_“ f | " "
o I i ) ; i
__-..._ " ' ) |
NI s WS "
. 3 O, _ ‘ :
N B " “ "
1 2- i i i
" f.r.." ) i ._
| PR i ,
" " O R “ ___......__ ||||||||||||||||||||||||| . "
; . P ! | “ i E. |
\ . oy 1 oy oy pty 4
) I [ - i L | I
I I -y 1 ) ] ~ "2-_ A__ [
i I o) ﬂ k N i frl- i b
I “ vy " i I i |
" .“ N . - !
: : i ' i |
i ¢ C C C ! .a.i“ : .
" z H e H  w L !
" v Vo Vo
“ Y L N
S ¢ ¢ ¢ 21 1®8 L | 2 1
N _ —— 5 S| 1o
- _ wn 2 .m . = - | ! ' a“.u - - '
R © =R IR I N S E ol A
_ M = ) g ¥ m : “ m o 17 -
ﬁ g o o o S L E1E-N 3} =3 1
| E X S| E|. e | P 2 =i R
___ C ™ - ! o e ) ) — < R P
" -~ = - I S o 2y
! — I ax ! o L -
C C C — L @ Rt <P
" Elgtiatiliatlink |3 AN
" > — (o} L
- b ) i 1
“ L L
| & & 0 A L
" " “ | ' I ]
_ N o B
_ ) R SRS IR .
| ". - " “
_ ¢
! ; D0 JONUOY) MOY " M __
1 | , — -
I [ e — — - - _
Lo _ S
__ “ - “ B "
) _ rey . 7 |
" " A "B ks “
__ . — i .......-._. " __
) ) _ : .
| | ] — ,
| “ | i |
" “ R R __
" d ot e e e e e e e e o e At e T e A EmR LA R — A B —— - wE———————— — = ———— ' M " ..
1 . _
I
k

'Il-l-l'---....lr..l..l-lr--ll'l
IIII'Il--lll'll[r---...IIII.'III-IIIIIII
._l.l..-.lpl.lll_l__l.l.l_".-IIIIII'..I_.-...IIIIIII‘

i i s TR BN BN B BG OF BF W BN W BF Er hwr - B W BRI BN B B W

FIG. 21



US 7,412,637 B2

Sheet 27 of 33

Aug. 12, 2008

U.S. Patent

» | O
‘ ™y
o 0
Y hieiieiiehietel ettt ] i DL L L LR L L LR
N.
2- IIIIIIIIIIIIIIIIIIIIIII I
; !
N }
_ '
)
) '
) )
! )
( (41 "
' ™ !
" o :
" N :
)
, 1
: )
'
t
"
'
: =
" O
e
_
" 3
[ W" o
" H "
' e I
™
“ u S ey nN.u .u " u ﬂm
: . : aﬂ. | > !
) ' ! .ﬂ.
| € mmmmmmes >~ - —-—-4-0K [ A
! |2 YU S , !
' V) N | !
' N i i I
' N ) I "
' o ' o\ ', .
£ !
" n = " ™ N Ly "
' ' Lo | 2 | '
N _
' I o L !
. | N 4‘~ b ,
_ '
" 2 le st 4 38 0 1 "
t H M ™M ™ ] ' '
: N ) Mu i N ! !
_ "
" : — S :
_ _ .ﬂ. m" ! "
l l ;
' I | X )
) ) i | 1
" " o) "
_ _ g “
! ' 1 oy ,
s O N e T P Y _
[ =TT \ “M "
' _ !
i . !
' _—_y—— .
" ! ’
_ nu" '
i n&. !
' 2. [
I (N "
G Yy T e ae e e e—a-
'

SD

WE

F1G. 22



US 7,412,637 B2

Sheet 28 of 33

Aug. 12, 2008

U.S. Patent

1
)
'
'
IIIII ' "
IIIII _ .
IIIIII . "
IIIIII A _ .
—. qllll “ llllll - _ -
| M_ __....._-VIII,I _ _ "
Q! e B i
- 1 _ _ .
S 5 | f“ M > 0 m" ] - “
1 ™~ g ) ™ 2 ) m o _ _ _
_ - | _M- \ N 1 B At | | {
" " .\.V "H_ .f." .\_ 2 _ _ “
b 1 i | - — - _ .
b i N i ™ ' 7._ N .
_ |-||...“" " H _ : m. H_ .N "
_ M M |||||||| ”. “”" Zwr " | _ 2. i I
" 2 ~ m R . E ] "
“ _./.- _- . vy | _ ”_ _ - "
-y M~ . _ _._._._ |
“ i H . . . N o _ . "
I , _ _ _
I " N | “ " . n\“| Y _ — "
' ' _ . _ . _
- 1y
" " mw__ _..n_w | 1 . ﬂ.__.." __ — “
— - __I ..._.. | M _ — ! ...._,._- | 1 i
i 1 ! ™ I . I _ -\ __ _ .
' . _ 4 .
v = = . . _"_
- | - - —
: : - s > 2 3 | .
' ' — n | . ' b ™ . 1R @ ! .
| " - H { ' nv.w ™ : @) ' _ _ ﬂ - - "
. . VP _ | " = m_ “ V . . "
I ' < o j - _
. . 3 i . by, D C | | "y I
) ‘ o ) . _ 4_ | .
A ,.w s |8 o " R= . ¥ . L "
._ oy ! N M ™ " " L M - . _ _ “ _
.I 1
" H“ - ..L > = M .,l'ﬂ 1 ! U | i '
. .._..__ 1 ....:....vA m H ) ! ! - o | ~ i ) |
1 ' ot ' _ _ _ J .
R m = ! . S \ L J 15 N
' H“ ¢S m M C D ff.._ t ._l On i ~ | - _ "
" N m P o H ' b - 1 J J | VoS . _ _
I  — ™ ! ‘ | .3_ _ : = _
EE - L = : i " i
b = b ) .3. 5 _ _ _ .
" | n —2. -fr_— —1 l' I - _ - .
ID -lv— - Ly _, - - _
' I E _ . _ _
_ _ m . _ l .- _ .._J ) ! ) ! I ] | }
" " ﬁw _ H" "M" Zf. “ ! | _. “ I o " " “
! : 1R o ' R N
i i I " ’ _ | - w - _ .
1 " A _ - |__- . 1 ! _G | -t — - -_
Vo Iw. 1 " R CoS ]
A “ _ . 'Y " " ] i ...n.u. . _ 5! "
b __ _ “_ R — a-
] i | I — —N _— Dl -
_ - I.“ _ .._..___ . _ | — _0 | i I
. =T { 6 " _ , = . R T = .
! . -—gr-- _5- B ” IIIIII | o ; =3 0- "
| E J
" ] H I ) ) ) _ M II C. .
A ™ ..J. C IIIIII C _ _I.I ) i _.
_ ._...__ B .4_ — | I..l .
" “ < _ oy vall . _
! " - SN 3 ¥ N "
" _ S | il _
| _.l.__ IIIIII : M l
R | M
i 2_ |||||||| | / C
- .,.. ler
_ .m Controlle M
" z iIrtual Scan |
" : Vir
' m I
'
“ -
)
. <[ —
" O
I
"
'

FIG. 23



US 7,412,637 B2

Sheet 29 of 33

Aug. 12, 2008

U.S. Patent

2422

Virtual Scan Patterns

2411

2412

2410

2409

2408

vl D
o S%T
N MaU
ss Q@
e x 1 v S m_. w M
- < - - ol | [ =
™ N N ™~ o N N
- B N ol = ) o -~
e P~ - b > 1| P P
e LT et CEEEEEY B ST EEE R T S
|
S e e e At S N A i "
. . < ol \D o _
" ‘ ™ O — Q H '
~ 1 oy O s A = 0y .
S!S N N\ \ N\ “
‘
Ny N )
SNEAR oA AR VAR I VAR R
. ! _
! '
¢! '
' _ "
L - _
|
o TR . '
X U "
i ] ]
__ . 1
! , )
) "
!
1" | "
“< .
. .
i ]
I I |
o _
— T "
>R '
I I ]
k i § '
I I |
] I 4
! "
- ® '
3" ) "
XL |
1 '
i I i
' . .
v "
T ; {
' i
X ' l

'Ill-ll-l--ll"'l"-IIIII'IIIII_I._I.'I..I_.I.I.llIl_l.._._..lII'--'IIIIII-----IIIII'I

FIG. 24



U.S. Patent Aug. 12, 2008 Sheet 30 of 33 US 7,412,637 B2

| 2530
Phase Shifter
(XOR Network)
2518 2519 2520 2521 2522 2523 2524 2525
Y7 Y6 Y5 Y4 Y3 Y2 Y1 YO
| | | | | . | | 2526
RAS-Based CUT

FI1G. 25



U.S. Patent Aug. 12, 2008 Sheet 31 of 33 US 7,412,637 B2

2604 2603 2602 2601

E

i 0
]

' 40

: 1./

.

E

E 2605 2606 2607
5 6 C
i

i

i

i

:

2614 2615 2616 2617

X3 X2 X X0
2628

Phase Shifter
(XOR Network)
2618 2619 2625
|
Y7 Y6 Y5

2626

RAS-Based CUT

FI1G. 26



U.S. Patent Aug. 12, 2008 Sheet 32 of 33 US 7,412,637 B2

2701

RAS-Based CUT

= e s ml o am o W O e

2740

oy sk BB B BN By uu uy =u wm O g um all R BF far pli G PP O sm BB an o m W U A Sm o ul B B omh B oG EE R O EF TE o um W e e oulek R gy e o A YT e e

2732 2733 [ 2734
XOR
2712 2713 2714 2715 2716
2735 2736 2737 2738 2739
Y4 Y3 Y2 Y1 YO

F1G. 27



U.S. Patent Aug. 12, 2008 Sheet 33 of 33 US 7,412,637 B2

Broadcast Scan Patterns

2833 2834 {-2835 2836 2837 2838 2839 28B40

2801

RAS-Based CUT

2841 2842 2843 2844 2845 2846 2847 2848

2812

Mask Network
2829
MC1L Mudil::::d S
2830 2-10
MCZf Decoder — l
2849
Modc ”l@' \A 231 2313 231 2820 2821

XOR Network

2831 B32

FIG. 28



US 7,412,637 B2

1

METHOD AND APPARATUS FOR
BROADCASTING TEST PATTERNS IN A
SCAN BASED INTEGRATED CIRCUI'T

REFERENCE TO RELATED APPLICATION

The present application 1s a continuation-in-part of appli-

cation Ser. No. 10/339,667 filed Jan. 10, 2003 entitled
METHOD AND APPARATUS FOR BROADCASTING
SCAN PATTERNS IN A SCAN-BASED INTEGRATED
CIRCUIT, the prionty of which 1s claimed, and also claims
the Priority of application Ser. No. 11/104,651 filed Apr. 13,
2005 entitled METHOD AND APPARATUS FOR BROAD-
CASTING SCAN PATTERNS IN A SCAN-BASED INTE-
GRATED CIRCUIT.

TECHNICAL FIELD

The present invention generally relates to the field of logic
design and test using design-for-test (DFT) techniques. Spe-
cifically, the present invention relates to the field of logic test
and diagnosis for random access scan based integrated cir-
cuit.

BACKGROUND

As the complexity of integrated circuits increases, it
becomes more and more important to achieve very high fault
coverage while minimizing test cost. Although traditional
scan-based methods have been quite successiul in meeting
these goals for sub-million gate designs during the past few
decades, for recent scan-based designs larger than one-mil-
lion gates, achieving this very high fault coverage at a rea-
sonable price has become quite difficult. This 1s mainly due to
the fact that it requires a significant amount of test-data stor-
age volume to store scan patterns onto the automatic test
equipment (ATE). In addition, this increase 1n test-data stor-
age volume has resulted 1n a corresponding increase in the
costs related to test-application time.

Conventional approaches for solving this problem focus on

either adding more memory onto the ATE or truncating part of

the scan data patterns. These approaches fail to adequately
solve the problem, since the former approach adds additional
test cost so as not to compromise the circuit’s fault coverage,
while the latter sacrifices the circuit’s fault coverage to save
test cost.

As an attempt to solve this problem, a number of prior art
design-for-test (DFT) techniques have been proposed. These
solutions focus on increasing the number of internal scan
chains, 1n order to reduce test-data volume and hence test
application time without increasing, and 1n some cases while
decreasing or eliminating the number of scan-chains that are
externally accessible. This removes package limitations on
the number of internal scan chains that 1n some cases can even
exceed the package pin count.

An example of such a DFT technique 1s Built-In Self-Test
(BIST). See U.S. Pat. No. 4,503,337 1ssued to McAnney
(19835). BIST implements on-chip generation and application
of pseudorandom scan patterns to the circuit under test elimi-
nating all external access to the scan-chains, and hence
removing any limitation on the number of internal scan-
chains that can be used. BIST, however, does not guarantee
very high fault coverage and must often be used together with
scan ATPG (automatic test pattern generation) to cover any
remaining hard-to-detect faults.

Several different approaches for compressing test data
before transmitting them to a circuit under test have been
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proposed. See the papers co-authored by Koenemann et al.
(1991), Hellebrand et al. (1995), Rajski et al. (1998), Jas et al.

(2000), Bayraktaroglu et al. (2001), and U.S. Pat. No. 6,327,
687 1ssued to Rajski et al. (2001). These methods are based on
the observation that test cubes (1.¢., arrangements of scan data
patterns stored within the scan chains of a circuit under test)
often contain a large number of unspecified (don’t care) posi-
tions. It 1s possible to encode such test cubes with a smaller
number of bits and later decompress them on-chip using an
LFSR (linear-feedback shift register) based decompression
scheme. This scheme requires solving a set of linear equa-
tions every time a test cube 1s generated using scan ATPG.
Since solving these linear equations depends on the number
of unspecified bits within a test cube, these LFSR-based
decompression schemes often have trouble compressing an
ATPG pattern without having to break it up 1nto several indi-
vidual patterns before compression, and hence have trouble
guaranteeing very high fault coverage without having to add
too many additional scan patterns.

A different DFT technique to reduce test data volume 1s
based on broadcast scan. See the papers co-authored by Lee
(1999) et al., Hamzaoglu et al. (1999), and Pandey et al.
(2002). Broadcast scan schemes either directly connect mul-
tiple scan chains, called broadcast channels, to a single scan
input or divide scan chains into different partitions and shaft
the same pattern into each partition through a single scan
input. In these schemes, the connections between each and
every scan mput and 1ts respective broadcast channels 1s done
using either wires or butfers, without any logic gates, such as
AND, OR, NAND, NOR, XOR, XNOR, MUX (multiplexer),
or NOT (inverter) in between. Although 1t 1s possible to
implement this scheme with practically no additional hard-
ware overhead, it results 1n scan chains with very large cor-
relation between different scan-chain data bits, resulting in
input constraints that are too strong to achieve very high fault
coverage.

Accordingly, there 1s a need to develop an improved
method and apparatus for guaranteeing very high fault cov-
erage while minimizing test data volume and test application
time. The method we propose 1n this invention 1s based on
broadcast scan, and thus, there 1s no need to solve any linear
equations as a separate step after scan ATPG. A broadcast
scan reordering approach 1s also proposed to turther improve
the circuit’s fault coverage.

Test power 1ssue 1s becoming a major challenge as scan-
based designs reach multi-million gates. Power dissipation
during scan testing 1s much higher than during normal circuit
operation. It 1s important to reduce test power dissipation
during scan testing since the circuit under test can be damaged
by excessive heat. Various approaches have been proposed to
alleviate the test power problem, often at the cost of higher
test application time. In the paper co-authored by Wang, etal.,
an automatic test pattern generation ATPG based (ATPG-
based) method was proposed. In the paper co-authored by
Kajihara et al., a method to reduce test power using vector
modification was described. A double-tree scan architecture
tor power reduction was proposed in the paper co-authored by
Bhattacharya et al. The co-authors Wen et al. discussed a
method to reduce capture power during scan testing. All these
methods target scan-based designs where the storage ele-
ments are converted 1nto scan cells, like multiplexed-D tlip-
flops or LSSD SRLs (shift register latches).

To solve the test power problem without adding much test
application time, a random access scan (RAS) architecture
authored by Ando can be used as opposed to the conventional
serial scan architecture 1n a scan-based design. Each random
access scan cell in the RAS architecture 1s randomly and
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uniquely addressable in the random access manner. Two new
RAS architectures aiming to reduce the silicon overhead were
proposed 1n the papers co-authored by Baik et al. and Mud-
lapur et al. However, all these methods can only achieve a
reduction of test data volume and test application time by
around 2 times (2x), although test power can be reduced by

100x.

SUMMARY

The method proposed 1n application Ser. No. 10/339,667 1s
based on broadcast scan, but adds a broadcaster circuit placed
between the ATE (automatic test equipment) outputs and the
scan chain 1puts of the circuit under test. This broadcaster
can be embedded on-chip or designed into the ATE. For the
sake of 81mp1101ty, in this discussion we assume that the
broadcaster 1s placed between the ATE and the integrated
circuit under test without specifying where it 1s located physi-
cally. The following discussion applies regardless of where

the broadcaster 1s embedded 1n an actual implementation.

The method according to application Ser. No. 10/339,667
1s used to generate a broadcast scan patterns that are applied
to the scan cells (memory elements) of an integrated circuit
design under test. This process involves converting the virtual
scan patterns stored 1n an ATE into broadcast scan patterns
that are applied to the package scan mput pins of the inte-
grated circuit using a broadcaster. This broadcaster maps the
virtual scan patterns into their corresponding broadcast scan
patterns that are used to test for various faults, such as stuck-at
taults, delay faults, and bridging faults 1n an integrated circuait.
The tegrated circuits tested contains multiple scan chains
cach consisting of any number of scan cells coupled together
that store the broadcast scan pattern.

One 1mportant aspect of the invention in application Ser.
No. 10/339,667/ 1s the design of the broadcaster circuitry. The
broadcaster can be as simple as a network of combinational
logic circuitry (combinational logic network) or can possibly
comprise a virtual scan controller 1n addition to a network of
combinational logic. (Please refer to FIG. 4 and FIG. 6 1n
DETAILED DESCRIPTION OF THE DRAWINGS for more
descriptions). Adding a virtual scan controller allows the
mapping performed by the broadcaster to vary depending on
the internal state of the controller. The broadcaster can also be
implemented using a programmable logic array. In this
scheme, each ATE output 1s connected to a subset of the scan
chain (or scan partition) inputs via the combinational logic
network. Any remaining inputs of the combinational logic
network are directly connected to the virtual scan controller
outputs if available. During scan test, the virtual scan control-
ler 1s first loaded with a predetermined value using boundary-
scan or other external means. This 1s used to initially setup the
tfunction of the broadcaster. Later 1n the test, It 1s possible and
often desirable to load 1n a different predetermined value into
the virtual scan controller 1n order to change the function of
the broadcaster, and this can be repeated any number of times.
This allows the outputs of the broadcaster to implement dii-
terent or all combinations of logic functions. Since the func-
tion of the broadcaster 1s a programmable function of the
value stored 1n the virtual scan controller, there 1s no limita-
tion to the number of mappings that can be implemented. This
relaxes the strong mput constraints of traditional broadcast
scan and increases the ability to generate broadcast scan
patterns to test more and possibly all testable faults. This 1s
true since the value stored 1n the virtual scan controller deter-
mines the mput constraints imposed on the generation of
broadcast scan patterns.
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While a combinational logic network 1s the preferred
implementation for the broadcaster due to 1ts simplicity and
low overhead, the broadcaster described 1n this invention can
comprise a virtual scan controller and any combinational
logic network. The virtual scan controller can be any general
finite state machine, such as an LFSR (linear feedback shiit
register), as long as predetermined values can be loaded 1nto
all memory elements of the finite-state machine, such as D
tlip-flops or D latches, when desired. The combinational logic
network can mcludes one or more logic gates, such as AND,
OR, NAND, NOR, XOR, MUX, NOT gates, or any combi-
nation of the above. This combinational logic network
increases the chance of generating broadcast scan patterns
that test additional faults, such as pattern resistant faults when
compared to traditional broadcast scan.

Another aspect of this mnvention is the creation and genera-
tion of broadcast scan patterns that meets the input constraints
imposed by the broadcaster. When a combinational logic
network 1s used to implement the broadcaster, the input con-
straints imposed by the broadcaster allow only a subset of the
scan cells to recerve a predetermined logic value either equal
or complementary to the ATE output, at any time. Unlike the
prior-art broadcast scan schemes which only allow all-zero
and all-one patterns to be applied to the broadcast channels,
the present invention allows different combinations of logic
values to appear at these channels at different times. The only
thing needed to generate these test patterns 1s to enhance the
currently available ATPG tools to implement these additional
input constraints. Hence, the process of generating broadcast
scan patterns will be to generate patterns using an initial set of
input constraints and to analyze the coverage achieved. If the
fault coverage achieved 1s unsatisfactory, a different set of
input constraints 1s applied and a new set of vectors are
generated. This process 1s repeated until predetermined lim-
iting criteria are met.

In order to reduce the number of input constraints needed to
achieve very high fault coverage, the present invention may
involve a broadcast scan chain reordering step before ATPG
takes place. Our approach 1s to perform 1nput-cone analysis
from each cone output (scan cell input) tracing backwards to
all cone 1nputs (scan cell outputs), and then to uses a maximal
covering approach to reorder all cone 1mnputs (scan cell out-
puts) so that only one constrained scan cell 1s located on a
single broadcast channel during any shiit clock cycle. These
broadcast scan order constraints reduce, 11 not eliminate, the
data dependency among broadcast channels associated with
one ATE output. This gives the ATPG tool a better chance of
generating broadcast scan patterns that achieve the target
fault coverage without having to use a different set of mnput
constraints. Please note that this applies only to integrated
circuits that are still 1n the development phase, and hence
broadcast scan reordering should be performed before the
chip tapes out.

Although this process does add some CPU time to the
ATPG process, 1t 1s much simpler and less computationally
intensive as having to solve sets of linear equations after
ATPG. The one-step “broadcast ATPG™ process makes 1t
casier to generate broadcast scan patterns as compared to
LFSR-based decompression schemes. In addition, 1t 1s pos-
sible to use maximum dynamic compaction, an essential part
of combinational ATPG, to fill 1n as many as unspecified
(don’t-care) positions in an effort to detect the most possible
faults using a single scan pattern. This 1s 1n sharp contrast to
LFSR-based decompression schemes where unspecified
(don’t-care) positions are desirable 1n order to be able to solve
the linear equations needed to obtain a compressed test pat-
tern. This 1s the fundamental contlict and flaw 1n LFSR-based
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decompression schemes that require starting out with a set of
ATPG vectors with little compaction 1n order to be able to
generate a set of more compact vectors. This reduces the
actual compaction achieved when compared to an 1nitial set
of compact ATPG vectors testing the same faults, and allows
the virtual scan controller-based broadcast-scan method
described in the present invention to cover more faults per
scan test pattern than any LSFR-based decompression
scheme.

The Present Invention

In the present invention, a broadcast scan test system using
a random access scan (RAS) architecture, instead of the con-
ventional serial scan architecture, 1s presented to reduce test
power, test data volume, and test application time in an RAS-
based integrated circuit. Using this new RAS architecture, it
1s possible to reduce test power, test data volume, and test
application time by more than 10x at the same time. Random
access scan cells (RAS cells) 1n the RAS-based integrated
circuit are organized in rows and columns. Each RAS cell 1s
randomly and uniquely addressable similar to a memory cell
in a random access memory (RAM).

The broadcast scan test system of the present invention
consists of a broadcaster, a compactor, and the RAS-based
circuit under test (CUT). The RAS-based CUT includes a
RAS core. When virtual scan patterns are applied from an
ATE (automatic test equipment), broadcast test patterns gen-
crated by the broadcaster are loaded 1nto each row of the RAS
core 1n parallel, via the row control logic circuitry that can be
a shift register, a ring counter, or a decoder. While a broad-
caster test pattern 1s loaded into a row of RAS cells, the test
response stored in the same row of RAS cells 1s transmitted to
the compactor for compaction. Thus, pattern loading and
response compaction can be performed simultaneously.

The RAS-based itegrated circuit, according to this mven-
tion, can also be reconfigured 1nto a serial RAS mode, where
the number of external scan inputs or outputs 1s equal to the
number of internal scan mputs to the RAS core, 1n order to
reduce fault coverage loss caused by the broadcaster. This
reconiigurable capability 1s also helptul for fault diagnosis
and yield improvement.

The broadcaster of the RAS-based integrated circuit of this
invention can be a pure buffer network, a MUX network, a
combinational logic network, or a linear sequential machine.
The broadcaster further comprises a scan connector that
allows the RAS-based integrated circuit to be operated 1n
various virtual scan modes where the number of external scan
inputs or outputs 1s smaller than the number of internal scan
iputs to the RAS core, or in serial scan mode where the
number of external scan mputs or outputs 1s equal to the
number of internal scan inputs to the RAS core.

The compactor of the RAS-based integrated circuit of this
invention may be a conventional compactor comprising an
XOR network, a multiple-input signature register (MISR), or
an X-tolerant compactor, or an X-mask compactor.

This RAS architecture, combined with the test compres-
s1on capability using the presented broadcaster and compac-
tor, reduces test power, test data volume, and test application
cost drastically simultaneously.

THE BRIEF DESCRIPTION OF DRAWINGS

The above and other objects, advantages and features of the
invention will become more apparent when considered with
the following specification and accompanying drawings
wherein:
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FIG. 1 shows a block diagram of a conventional system for
testing scan-based 1ntegrated circuits using an automatic test
equipment (ATE);

FIG. 2 shows a block diagram of a broadcast scan test
system, 1n accordance with the present invention, for testing
scan-based integrated circuits using an ATE;

FIG. 3 shows a prior art broadcaster design with only pure
wires;

FIG. 4 shows a block diagram of a broadcaster, in accor-
dance with the present invention, consisting of a combina-
tional logic network and an optional scan connector;

FIG. 5A shows a first embodiment of a broadcaster shown
in FI1G. 4, 1n accordance with the present invention, consisting
of a combinational logic network;

FIG. 5B shows the mputs constraint imposed by the
embodiment of a broadcaster shown 1n FIG. SA;

FIG. 5C shows a second embodiment of a broadcaster
shown 1n FIG. 4, 1n accordance with the present invention,
consisting of a combinational logic network and a scan con-
nector,

FIG. 5D shows the imnputs constraint imposed by the
embodiment of a broadcaster shown 1n FI1G. 5C;

FIG. 6 shows a block diagram of a broadcaster, 1n accor-
dance with the present invention, consisting of a virtual scan
controller, a combinational logic network, and an optional
scan connector;

FIG. 7 shows a first embodiment of a broadcaster shown 1n
FIG. 6, in accordance with the present invention;

FIG. 8 shows a second embodiment of a broadcaster shown
in FIG. 6, 1n accordance with the present invention;

FIG. 9 shows a third embodiment of a broadcaster shown 1n
FIG. 6, 1n accordance with the present invention;

FIG. 10 shows a fourth embodiment of a broadcaster
shown 1n FIG. 6, 1n accordance with the present invention;

FIG. 11 shows a fifth embodiment of a broadcaster shown
in FIG. 6, in accordance with the present invention;

FIG. 12 shows a sixth embodiment of a broadcaster shown
in FIG. 6, in accordance with the present invention;

FIG. 13 shows a block diagram of a compactor, in accor-
dance with the present invention, consisting of a mask net-
work and a XOR network or a multiple-input signature reg-
1ster (MISR);

FIG. 14 shows a first embodiment of a compactor shown in
FIG. 13, in accordance with the present invention;

FIG. 15 shows a second embodiment of a compactor shown
in FIG. 13, in accordance with the present invention;

FIG. 16A shows an embodiment of the method before
reordering scan cells or changing the scan chain length for
generating broadcast scan patterns to test more faults, 1n
accordance with the present invention;

FIG. 16B shows an embodiment of the method after reor-
dering scan cells for generating broadcast scan patterns to test
more faults, in accordance with the present invention;

FIG. 16C shows an embodiment of the method after chang-
ing the scan chain length for generating broadcast scan pat-
terns to test more faults, 1n accordance with the present inven-
tion;

FIG. 17 shows a tlow chart of the method for reordering
scan cells for fault coverage improvement, 1n accordance with
the present invention;

FIG. 18 shows a tlow chart of the method for generating
broadcast scan patterns used in testing scan-based integrated
circuits, 1n accordance with the present invention;

FIG. 19 shows a tlow chart of the method for synthesizing
a broadcaster and a compactor to test a scan-based integrated
circuit, in accordance with the present invention;
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FIG. 20 shows an example system in which the broadcast
scan test method, 1 accordance with the present invention,
may be implemented;

FIG. 21 shows a block diagram of a broadcast scan test
system based on a random access scan (RAS) architecture for
testing an integrated circuit using an automatic test equip-
ment (ATE);

FIG. 22 shows an embodiment of a random access scan
(RAS) cell, RC, 1n the RAS core shown 1n FIG. 21, 1n accor-
dance with the present invention;

FIG. 23 shows an embodiment of a scan connector of the
broadcaster shown 1n FIG. 21, 1n accordance with the present
imnvention;

FI1G. 24 shows a first embodiment of the broadcaster shown
in FIG. 21, 1n accordance with the present invention, using a
multiplexer (MUX) network;

FIG. 25 shows a second embodiment of the broadcaster
shown 1n FIG. 21, 1n accordance with the present invention,
using an mput-tapped linear sequential machine and an XOR
network;

FIG. 26 shows a third embodiment of the broadcaster
shown 1n FIG. 21, 1n accordance with the present invention,
using a reseeding linear sequential machine and an XOR
network:

FI1G. 27 shows an embodiment of the compactor shown in
FIG. 21, 1n accordance with the present invention, using an
X-tolerant compactor; and

FIG. 28 shows an embodiment of the compactor shown in
FIG. 21, 1n accordance with the present invention, using an
X-mask compactor.

DETAILED DESCRIPTION OF THE INVENTION

The following description 1s presently contemplated as the
best mode of carrying out the present invention. This descrip-
tion 1s not to be taken 1n a limiting sense but 1s made merely
tor the purpose of describing the principles of the invention.
The scope of the invention should be determined by referring
to the appended claims.

FI1G. 1 shows a block diagram of a conventional system for
testing scan-based integrated circuits using an ATE. The sys-
tem 101 includes a tester or external automatic test equipment
(ATE) 102 and a circuit-under-test (CUT) 107, which con-
tains scan chains 109.

The ATE 102 applies a set of fully specified test patterns
103, one by one, to the CUT 107 via scan chains 109 1n scan
mode from external scan iput pins 111 as well as from
external primary mput pins 113. The CUT 1is then run 1n
normal mode using the applied test pattern as input, and the
response to the test pattern 1s captured into the scan chains.
The CUT 1s then put back into scan mode again and the test
response 1s shifted out to the ATE via scan chains from exter-
nal scan output pins 112 as well as from external primary
output pins 114. The shifted-out test response 104 is then
compared by the comparator 105 with the corresponding
expected test response 106 to determine 11 any fault exists 1n
the CUT, and indicates the result by the pass/fail signal 115.

In the conventional system 101, the number of scan chains
109 1n the CUT 107 1s 1dentical to the number of the external
scan input pins 111 or the number of the external scan output
pins 112. Since the number of external pins 1s limited 1n an
integrated circuit, the number of scan chains 1n the conven-
tional system 1s also limited. As a result, a large integrated
circuit with a large number of scan cells (SC) 108 usually
contains very long scan chains for scan test. This will result 1n
unacceptably large test data volume and costly long test appli-
cation time.
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FIG. 2 shows a block diagram of a broadcast scan test
system, 1n accordance with the present invention, for testing,
scan-based integrated circuits using an ATE. The system 201
includes an ATE 202 and a circuit 207 that includes a broad-
caster 208, a CUT 209, and a compactor 213. The CUT

contains scan chains 211.

The broadcaster 208 may contain only a combinational
logic network as shown 1n FIG. 4 or a virtual scan controller
in addition to a combinational logic network as shown 1n FIG.
6. The broadcaster 1s used to map virtual scan patterns 203 to
broadcast scan patterns, where the number of bits of a virtual
scan pattern 1s usually smaller than that of a broadcast scan
pattern. The mapping function of a broadcaster 1s fixed 1t 1t
only contains a combinational logic network. However, the
mapping function 1s vanable 11 1t also contains a virtual scan
controller. In this case, the output values of the virtual scan
controller can change the mapping function that the combi-
national logic network realizes, thus implementing different
mapping relations from external scan input pins 215 to inter-
nal scan chain inputs 219. The compactor 213 1s a combina-
tional logic network, such as an XOR network, designed to
map the internal scan chain outputs 220 to external scan
output pins 216. Note that 1n practice, the number of external
scan mput or output pins 1s smaller than the number of inter-
nal scan chain inputs or outputs.

Note that the element 213 can be replaced with an optional
space compactor and a multiple-input signature registers
(MISR). In this case, all test responses will be compressed
into a single signature, which can be compared with a refer-
ence signature either 1n the circuit 207 or in the ATE 202 after
all broadcast scan patterns have been applied.

In addition, the compactor 213 usually contains a mask
network used to block several output streams from coming
into a XOR compaction network or a MISR. This 1s useful 1n

fault diagnosis.

FIG. 3 shows a prior art broadcaster design with only pure
wires. This example broadcaster design 301 has two broad-
cast scan inputs 314 and 315. The broadcast scan input 314 1s
connected directly to scan chains 303 to 307 while the broad-
cast scan mput 313 1s connected directly to scan chains 308 to
312. Although the overhead of this pure-wire broadcast
design 1s very low, the test pattern dependency among the
scan chains fed by the same broadcast scan input 1s very high.
From the point of view of automatic test pattern generation
(ATPG), this pure-wire broadcast design puts a strong con-
straint on the 1nputs to scan chains. As a result, this scheme
usually sutfers from severe fault coverage loss.

FIG. 4 shows a block diagram of a broadcaster, 1n accor-
dance with the present imnvention, consisting of a combina-
tional logic network and an optional scan connector. Virtual
scan patterns are applied via broadcast scan inputs 407 of the
broadcaster 401 to the combinational logic network 402. The
combinational logic network implements a fixed mapping
function, which converts a virtual scan pattern into a broad-
cast scan pattern. The broadcast scan pattern is then applied to

all scan chains 409 1n the CUT 404, through an optional scan
connector 403.

The broadcaster 401 serves the purpose of providing test
patterns to a large number of internal scan chains 406 through
a small number of external broadcast scan iput pins 407. As
a result, all scan cells SC 405 1n the CUT 404 can be config-
ured 1nto a large number of shorter scan chains. This will help
in reducing test data column and test application time. By
properly designing the combinational logic network 402, one
can reduce the fault coverage loss caused by additional con-
straints 1mposed on the input pins of the scan chains.
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FIG. 5A shows a first embodiment of a broadcaster shown
in FI1G. 4, 1n accordance with the present invention, consisting
of a combinational logic network. In this example, a 3-bit
virtual scan pattern 1s converted into an 8-bit broadcast scan
pattern via the broadcaster 501.

The broadcaster 501 consists of a combinational logic net-
work 502, which contains two inverters 503 and 507, one
XOR gate 504, one OR gate 505, and one NOR gate 506.
Virtual scan patterns are applied via broadcast scan inputs X2
518 to X0 520. The combinational logic network implements
a fixed mapping function, which converts a virtual scan pat-
tern 1nto a broadcast scan pattern. The broadcast scan pattern
1s then applied to all scan chains 510 to 517 viaY7 3521 to Y0
528 1in the CUT 508.

FIG. 5B shows the inputs constraint imposed by the
embodiment of a broadcaster shown 1n FIG. 5A.

The broadcaster 501 1 FIG. 5A has three broadcast scan
inputs X2 518 to X0520. Thus, there are 8 input combinations
for the broadcast scan iputs as listed under <X2, X1, X0> 1n
the table 531. These are all possible input value combinations
to the combinational logic network 502 in FIG. 5A. There-
fore, as the outputs of the combinational logic network, there
are 8 value combinations as listed under <Y7,Y6,Y5,Y4,Y3,
Y2, Y1, Y0> 1n the table 531. These are all possible logic
value combinations that may appear at the inputs of the scan
chains 510 to 517 i FIG. 5A, and they are the input con-
straints 1n the process of ATPG.

FIG. 53C shows a second embodiment of a broadcaster
shown 1 FIG. 4, in accordance with the present imnvention,
consisting of a combinational logic network and a scan con-
nector. In this example, a 3-bit virtual scan pattern 1s con-
verted 1into an 8-bit broadcast scan pattern via the broadcaster
561.

The broadcaster 561 consists of a combinational logic net-
work 562 and a scan connector 566. The combinational logic
network contains one inverter 5635, one XOR gate 563, and
one OR gate 564. Virtual scan patterns are applied via broad-
cast scan mputs X2 581 to X0 583. The combinational logic
network implements a fixed mapping function, which con-
verts a virtual scan pattern into a broadcast scan pattern. The
broadcast scan pattern 1s then applied to all scan chains 573 to
580 through the scan connector 566. The scan connector
consists of one bufler 567, one inverter 570, one lock-up
clement LE 569, and one spare cell SC 568. Generally, two
scan chains can be connected into one by using a buffer, an
iverter, or a lock-up element in a scan connector. In addition,
a spare cell can be added 1nto an existing scan chain to change
its length 1n order to reduce the dependency among different
scan chains. This will help improve fault coverage.

FIG. 5D shows the mputs constraint imposed by the
embodiment of a broadcaster shown 1n FIG. SC.

The broadcaster 561 1n FIG. 3C has three broadcast scan
inputs X2 581 to X0583. Thus, there are 8 input combinations
for the broadcast scan inputs as listed under <X2, X1, X0> 1n
the table 591. These are all possible input value combinations
to the combinational logic network 562 1n FIG. 5C. There-
fore, as the outputs of the combinational logic network, there
are 8 value combinations as listed under <Y4, Y3, Y2, Y1,
Y 0> 1n the table 591. These are the mput constraints in the
process of ATPG.

FIG. 6 shows a block diagram of a broadcaster, 1n accor-
dance with the present invention, consisting of a virtual scan
controller, a combinational logic network, and an optional
scan connector.

The broadcaster 601 consists of a virtual scan controller
602, a combinational logic network 603, and an optional scan
connector 604. Virtual scan patterns are applied via two types
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of mput pins: broadcast scan inputs 608 and virtual scan
inputs 609. The broadcast scan inputs are connected directly
to the combinational logic network, while the virtual scan
inputs are connected directly to the virtual scan controller. In
addition, the virtual scan controller may have optional virtual
scan outputs 613.

Note that the virtual scan controller 602 can be either a
combinational circuit such as a decoder, or a sequential circuit
such as a shift register. The logic values applied through
virtual scan inputs 609 may or may not change 1n each clock
cycle although logic values applied through broadcast scan
inputs 608 change in each clock cycle. The purpose of apply-
ing virtual scan input values 1s to change and store a proper
set-up value combination in the virtual scan controller. This
set-up value combination 1s applied to the combinational
logic network 603 through 610 1n order to change the map-
ping function that the combinational logic network 1imple-
ments. Since one mapping function corresponds to one set of
input constraints for ATPG, providing the capability of
changing mapping functions results in more flexible mput
constraints for ATPG. As a result, fault coverage loss due to
the broadcast scheme can be substantially reduced.

Generally, the broadcaster 601 serves two purposes during,
test. One purpose 1s to provide test patterns to a large number
of internal scan chains 607 through a small number of exter-
nal broadcast scan input pins 608 and virtual scan iput pins
609. As a result, all scan cells SC 606 1n a circuit can be
configured 1nto a large number of shorter scan chains. This
will help 1n reducing test data volume and test application
time. Another purpose 1s to increase the quality of broadcast
scan patterns applied from the combinational logic network
603 to all scan chains in order to obtain higher fault coverage.
This 1s achieved by changing the values loaded into the virtual
scan controller. Because of this tlexibility, the combinational
logic network can realize different mapping functions rather
than a fixed one.

FIG. 7 shows a first embodiment of a broadcaster shown 1n
FIG. 6, 1n accordance with the present invention. The broad-
caster 701 consists of a virtual scan controller 702 and a
combinational logic network 703. The virtual scan controller
consists of two inverters 703 and 704. The combinational
logic network 1s composed of 8 XOR gates 706 to 713. In this
example, a 4-bit virtual scan pattern 1s converted 1nto an 8-bit
broadcast scan pattern via the broadcaster.

Obviously, the outputs 730 and 731 of the virtual scan
controller 702 must have complementary values. In addition,
the outputs 732 and 733 of the virtual scan controller must
also have complementary values. Suppose that the values
applied to the two broadcast scan inputs 728 and 729 are V1
and V2, respectively. In this case, the values appearing at scan
chain mputs 734 to 743 should be P1, ~P1, P2, ~P2, V1, V2,
P3, ~P3, P4, ~P4, respectively. Here P1 and ~P1 are comple-
mentary, P2 and ~P2 are complementary, P3 and ~P3 are
complementary, P4 and ~P4 are complementary. In addition,
P1 and P2 are either the same as V1 or the complement of V1,
while P3 and P4 are either the same as V1 or are the comple-
ment of V2. This 1s the input constraint for ATPG.

FIG. 8 shows a second embodiment of a broadcaster shown
in FIG. 6, 1n accordance with the present mvention. The
broadcaster 801 consists of a virtual scan controller 802 and
a combinational logic network 804. The virtual scan control-
ler consists of a 2-to-4 decoder 803. The combinational logic
network 1s composed of 8 XOR gates 805 to 812. In this
example, a 4-bit virtual scan pattern 1s converted 1into an 8-bit
broadcast scan pattern via the broadcaster.

Obviously, there are four possible logic value combina-
tions for the outputs 829 to 832 of the 2-to-4 decoder 803.
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They are 1000, 0100, 0010, and 0001 for the outputs 829 to
832, respectively. Suppose the output value combination of
the 2-to-4 decoder 1s 1000. Also suppose that the logic values
applied to the two broadcast scan inputs 827 and 828 are V1
and V2, respectively. In this case, the values appearing at scan 5
chain mputs 833 to 842 should be ~V1, V1, V1, V1, V1, V2,
~V2,V2,V2, V2, respectively. Here V1 and ~V1 are comple-
mentary, while V2 and ~V2 are complementary. This 1s the
input constraint for ATPG. Obviously, by changing the values

of virtual scan inputs 825 and 826, one can get different setof 10
input constraints for ATPG. This will help 1n improving fault
coverage.

FI1G. 9 shows a third embodiment of a broadcaster shown in
FIG. 6, 1n accordance with the present invention.

The broadcaster 901 consists of a virtual scan controller 15
902 and a combinational logic network 911. The virtual scan
controller consists of an 8-stage shift register with memory
clements 903 to 910. There 1s one virtual scan mput 932,
which 1s the input to the shift register. There 1s one optional
virtual scan output 935, which 1s the output of the shift reg- 20
ister. Optionally, the virtual scan mput and the virtual scan
output can be connected to TDI and TDO in the boundary
scan design, respectively. The combinational logic network 1s
composed of 8 XOR gates 912 to 919. There are two broad-
cast scan mputs, 933 and 934. Test patterns applied via the 25
input 933 are broadcasted to scan chains 922 to 926; while test
patterns applied via the mput 934 are broadcasted to scan
chains 927 to 931.

The scan chains 926 and 927 are loaded directly from the
broadcast scan mnput 933 and 934, respectively, while the scan 30
chains 922 to 925, as well as the scan chains 928 to 931, are
loaded through XOR gates 912 to 915 and 916 to 919, respec-
tively. If the value of the memory element 903 1s a logic 0, the
scan chain 922 will get the 1dentical values as those applied
from the broadcast scan input 933. If the value of the memory 35
clement 903 1s a logic 1, the scan chain 922 will then get the
complementary values to those applied from the broadcast
scan mput 933. The same observation applies to the scan
chains 923 to 925 as well as 928 to 931. This means that, by
applying a set of properly determined values to the shift 40
register 1n the virtual scan controller 902, 1t 1s possible to
apply any of the 1024 combinations of logic values to the scan
chains 922 to 931 1n any shift cycle. As a result, any detectable
fault in the CUT 920 can be detected by loading a set of
properly determined logic values to the shift register and by 45
applying a broadcast scan pattern through the mnputs 933 and
934.

From the point of view of ATPG, which tries to generate
broadcast scan patterns to drive all scan chains 1n order to test
the CUT 920, the broadcaster configuration determined by 50
the values of the memory elements 1n the shift register of the
virtual scan controller 902 represents an mput constraint.
Suppose that the values for the memory elements 903 to 910
arc0,1,0,1,0,1,0, 1, respectively. In this case, the ATPG for
the CUT should satisty such an 1mnput constraint that, 1n any 55
shift cycle, the scan chains 922, 924, and 926 have the 1den-
tical value V, the scan chains 923 and 925 have the 1dentical
value ~V that 1s the complement of V, the scan chains 927,
028, and 930 have the 1dentical value P, the scan chains 929
and 931 have the 1dentical value ~P that 1s the complement of 60
P.

FIG. 10 shows a fourth embodiment of a broadcaster
shown 1n FIG. 6, 1n accordance with the present invention.

The broadcaster 1001 consists of a virtual scan controller
1002 and a combinational logic network 1006. The virtual 65
scan controller consists of a 3-stage shift register with
memory elements 1003 to 1005. There 1s one virtual scan

12

input 1023, which 1s the input to the shift register. There 1s one
optional virtual scan output 1026, which 1s the output of the
shift register. Optionally, the virtual scan input and the virtual
scan output can be connected to TDI and TDO 1n the bound-
ary scan design, respectively. The combinational logic net-
work 1s composed of 4 XOR gates 1007 to 1010. There are
two broadcast scan mputs, 1024 and 1025. Test patterns
applied via the mput 1024 are broadcasted to scan chains
1013 to 1017; test patterns applied via the mput 1025 are
broadcasted to scan chains 1018 to 1022.

The major difference between the broadcaster 901 1n FIG.
9 and the broadcaster 1001 1n FIG. 10 1s that test patterns are
broadcasted directly to some scan chains instead of going
through XOR gates in the broadcaster 1001. The scan chains
1013, 1015, and 1017 are driven directly from the broadcast
scan mnput 1024. This means that, 1n any shift cycle, scan
chains 1013, 1015, and 1017 will have the 1dentical values. In
addition, the scan chains 1018, 1020, and 1022 are driven
directly from the broadcast scan input 1025. This means that,
in any shift cycle, scan chains 1018, 1020, and 1022 will have
the 1dentical values. As a result, by applying a set of properly
determined values to the shift register 1 the virtual scan
controller 1002, it 1s only possible to apply any of the 64
combinations of logic values to the scan chains 1013 to 1022
in any shift cycle. That 1s, the broadcaster 1001 needs less
hardware overhead at the expense of stronger constraints at
the inputs to the scan chains.

FIG. 11 shows a fifth embodiment of a broadcaster shown
in FIG. 6, in accordance with the present invention.

The broadcaster 1101 consists of a virtual scan controller
1102 and a combinational logic network 1106. The virtual
scan controller consists of a 3-stage shift register with
memory elements 1103 to 1105. There 1s one virtual scan
input 1127, which 1s the input to the shift register. There1s one
optional virtual scan output 1130, which 1s the output of the
shift register. Optionally, the virtual scan input and the virtual
scan output can be connected to TDI and TDO 1n the bound-
ary scan design, respectively. The combinational logic net-
work 1s composed of four XOR gate (1108, 1109, 1112,
1114), two mnverters (1107, 1113), one AND gate (1110), and
one OR gate (1111). There are two broadcast scan inputs,
1128 and 1129. Test patterns applied via the input 1128 are
broadcasted to scan chains 1117 to 1121; test patterns applied
via the input 1129 are broadcasted to scan chains 1122 to
1126.

The broadcaster 1101 realizes more complex broadcast
mapping relations from the broadcast scan mputs 1128 and
1129 to the mputs of the scan chains 1117 to 1126. The
general form of the mapping relations can be represented by
<VB,V(C,V,VC,V*P,V+P, PC1, PB, PC2, P> corresponding
to the inputs of the scan chains 1117 to 1126, respectively.
Here, V and P are two logic values applied from the broadcast
scan inputs 1128 and 1129 1n any shiftcycle, respectively. VB
and PB are the complements of V and P, respectively. VC
equals V or VB 1f the output value of the memory element
1103 1s a logic 0 or 1, respectively. PC1 equals P or PB if the
output value of the memory element 1104 1s The present

application 1s a continuation-in-part of application Ser. No.
10/339,667 filed Jan. 10, 2003 entitled METHOD AND

APPARATUS FOR BROADCASTING SCAN PATTERNS
IN A SCAN-BASED INTEGRATED CIRCUIT, the priority
of which 1s claimed, and also claims the Priority of applica-
tion Ser. No. 11/104,651 filed Apr. 13, 2005 entitled
METHOD AND APPARATUS FOR BROADCASTING
SCAN PATTERNS IN A SCAN-BASED INTEGRATED
CIRCUIT. alogic 0 or 1, respectively; PC2 equals P or PB 1f

the output value of the memory element 1105 1s alogic Oor 1,
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respectively. Obviously, the broadcast mapping relation can
be changed by changing VC, PC1, and PC2 through loading
different sets of logic values into the shift register in the
virtual scan controller 1102. As a result, less inter-dependent
test stimuli can be applied to the CUT 1115 so that higher
fault coverage can be reached.

From the point of view of ATPG, which tries to generate
broadcast scan patterns to drive all scan chains 1117 to 1126
in order to test the CUT 1113, the broadcaster configuration
determined by the values of the memory elements 1n the shiit

register of the virtual scan controller 1102 represents an input

constraint whose general form 1s <VB, VC,V,VC, V&P, V+P,
PC1, PB, PC2, P>. This constrained ATPG can be performed
if the original sequential CUT 1115 1s transformed to a com-
binational circuit model reflecting the constraint after the
values of the memory elements are determined.

FI1G. 12 shows a sixth embodiment of a broadcaster shown
in FIG. 6, 1n accordance with the present invention.

The broadcaster 1201 consists of a virtual scan controller
1202, a combinational logic network 1203, and a scan con-
nector 1207. The combinational logic network contains two
inverters 1204 and 1206 1n addition to one OR gate 1205.
Virtual scan patterns are applied via broadcast scan mputs
1226 and 1227 as well as a virtual scan input TDI 1224. One
output X2 1229 from the virtual scan controller 1s applied to
the combinational logic network, making 1t able to implement
different mapping functions. The output values 1232 to 1236
from the combinational logic network i1s then applied to all
scan chains 1215 to 1223 through the scan connector 1207.
The scan connector consists of one bufter 1209, one inverter
1212, one lock-up element LE 1211, one spare cell SC 1210,
and one multiplexer 1208. Generally, two scan chains can be
connected into one by using a butler, an mnverter, or a lock-up
clement 1n a scan connector. In addition, a spare cell can be
added 1nto an existing scan chain to reduce the dependency
among different scan chains. This will help improve fault
coverage. Furthermore, a multiplexer can be used to split a
scan chain into two parts. As shown 1n FIG. 12, if the selection
51gnal 1228 of the multiplexer 1208 1s a logic 1, the scan
chains 1215 and 1216 will get different input Value streams.
However, 11 the selection signal 1228 of the multiplexer 1208
1s a logic 0, the scan chains 12135 and 1216 can be seen as one
scan chain, and only one mput value stream goes though
them. Obviously, a scan connector can be used to adjust the
length of scan chains 1n the CUT 1n order to shorten test time
or improve fault coverage.

FIG. 13 shows a block diagram of a compactor, 1n accor-
dance with the present invention, consisting of a mask net-
work and a XOR network or a MISR.

The test responses on the outputs 1308 of the CUT corre-
sponding to broadcast scan patterns applied on the mnputs
1307 of the CUT pass through a compactor 1304, which
consists of a mask network 1305 and a XOR network or a
MISR 1306. MC 1311 1s the signal used to control the mask
network. It can be applied from an ATE or generated by a
virtual scan controller. The mask network 1s used to mask
some 1nputs to a XOR network or a MISR. This 1s useful 1n
fault diagnosis. A XOR network 1s used to conduct space
compaction, 1.e. reducing the number of test response lines
going out of the circuit. On the other hand, a MISR can be
used to compress test responses in both space and time
domains. That is, there 1s no need to check test results cycle by
cycle when a MISR 1s used. On the contrary, it 1s only nec-
essary to compare the signature obtained at the end of the
whole test session. However, it should be noted that no
unknown values (X’s) are allowed to come into a MISR. This

means stricter design rules should be followed.
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FIG. 14 shows a first embodiment of a compactor shown 1n
FIG. 13, 1n accordance with the present invention.

The test responses on the outputs 1441 to 1448 pass
through a mask network 1412 and then a XOR network 1422.
The mask network consists of two groups of AND gates 1414
to 1417 and 1418 to 1421, each group being controlled by the
four outputs generated by a modified 2-to-4 decoder 1413. In
the diagnosis mode where the mode signal 1449 1s a logic 1,
this decoder maps logic values on MC1 1429 and MC2 1430
to one of the following combinations: 1000, 0100, 0010, and
0001. With any of these logic combination, 1t 1s clear that
either group of AND gates will allow only one test response
stream to pass to 1431 or 1432. Obviously, this will help 1n
fault diagnosis. In the test mode where the mode signal 1449
1s a logic O, this decoder will generate an all-1 logic combi-
nation. This will allow all test response streams pass to 1431
or 1432. The XOR network 1422 consists of two groups of
4-to-1 XOR sub-networks, composed of XOR gates 1423 to
1425 and 1426 to 1428, respectively.

FIG. 15 shows a second embodiment of a compactor shown
in FI1G. 13, in accordance with the present invention.

The test responses on the outputs 1540 to 1547 pass
through a mask network 1512 and then a MISR 1525. The
mask network consists of two groups of AND gates 1517 to
1520 and 1521 to 1524, each group being controlled by the
four outputs of a shift register composed of memory elements
1513 to 1516. In the diagnosis mode, this shift register can be
loaded from TDI 1526 with one of the following combina-
tions: 1000, 0100, 0010, and 0001. With any of these logic
combination, 1t 1s clear that either group of AND gates will
allow only one test response to pass stream to the MISR.
Obviously, this will help 1n fault diagnosis. In the test mode,
an all-1 logic combination will be loaded into the shiit regis-
ter. This will allow all test response streams pass to the MISR.
The content of the MISR at the end of a test session can be
shifted out from TDO 1529 for comparison with the expected

signature.

FIG. 16 A shows an embodiment of the method before
reordering scan cells or changing the scan chain length for
generating broadcast scan patterns to test more faults, 1n
accordance with the present invention. A broadcaster 1601
has one broadcast scan input 1614, which broadcasts logic

values to three scan chains, 1606, 1608, and 1611.

Since logic values are applied to the scan chain 1611 via an
XOR gate 1604, by properly loading the shift register in the
virtual scan controller 1602, 1t 1s possible, 1n any shiit cycle,
to apply any logic value which can be different from the one
applied via scan chains 1606 and 1608. However, scan chains
1606 and 1608 will be loaded with the same logic values 1n
any shift cycle. As a result, the scan cells A3 1607 and B3
1610 will have the same logic value 1n any broadcast test
patterns. Since the outputs from the scan cells A3 1607 and
B3 1610 are connected to the same combinational logic block
1612, it 1s possible that some faults 1n the combinational logic
block cannot be detected due to this strong test pattern depen-
dency. For example, 1in order to detect some faults in the
combinational logic block, 1t may be necessary to have alogic
0 as the output of the scan cell A3 1607 and a logic 1 as the
output of the scan cell B3 1610. Obviously, these faults will
not be detected.

FIG. 16B shows an embodiment of the method after reor-
dering scan cells for generating broadcast scan patterns to test
more faults, in accordance with the present invention. A
broadcaster 1601 has one broadcast scan input 1614, which
broadcasts logic values to three scan chains, 1606, 1608, and

1611.
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The only difference between FIG. 16 A and FIG. 16B 1s
that, in the scan chain 1608, the order of the scan cells B2
1609 and B3 1610 1s changed. Now, although the outputs of
the scan cells A3 1607 and B2 1609 have the same logic value
in any shiftcycle, the outputs of the scan cells A3 1607 and B3
1610 can have different logic values. As a result, this makes it
possible to detect some faults that cannot be detected with the
scan order shown in FIG. 16A.

FI1G. 16C shows an embodiment of the method after chang-
ing the scan chain length for generating broadcast scan pat-
terns to test more faults, 1n accordance with the present inven-
tion. A broadcaster 1601 has one broadcast scan input 1614,

which broadcasts logic values to three scan chains, 1606,
1608, and 1611.

The only difference between FIG. 16 A and FIG. 16C 1s
that, one spare scan cell B0 1617 1s added to the scan chain
1608 through a multiplexer 1618. It 1s clear that, 11 the selec-
tion signal 1619 1s a logic 1, the spare scan cell will be added
to the scan chain 1608. As a result, although the outputs of the
scan cells A3 1607 and B2 1609 have the same logic value 1n
any shift cycle, the outputs of the scan cells A3 1607 and B3
1610 can have different logic values. As a result, this makes it
possible to detect some faults that cannot be detected with the
scan order shown 1n FIG. 16A.

FIG. 17 shows a tlow chart of the method for reordering
scan cells for fault coverage improvement, 1n accordance with
the present invention. This method 1700 accepts the user-
supplied HDL codes 1701 together with the chosen foundry
library 1702. The HDL codes represent a sequential circuit
comprised of a broadcaster, a full-scan CUT, and a compactor
as shown 1n FIG. 2. The HDL codes and the library are then
complied into an internal sequential circuit model 1704,
which 1s then transformed into a combination circuit model
1706. Then, based on the original scan order information
1709 and the scan order constraints 1710, the mput-cone
analysis 1707 1s conducted to 1dentily scan cells whose order
needs to be changed. Then, scan chain reordering 1708 1s
conducted. After that, the HDL test benches and tester pro-
grams 1711 are generated while all reports and errors are
saved 1n the report files 1712.

FIG. 18 shows a flow chart of the method for generating
broadcast scan patterns used in testing scan-based 1ntegrated

circuits, 1n accordance with the present invention. This
method 1800 accepts the user-supplied HDL codes 1801
together with the chosen foundry library 1802. The HDL
codes represent a sequential circuit comprised of a broad-
caster, a full-scan CUT, and a compactor as shown in FIG. 2.
The HDL codes and the library are then complied 1nto an
internal sequential circuit model 1804, which 1s then trans-
formed 1nto a combination circuit model 1806. Then, based
on input constraints 1810, combinational fault simulation
1807 1s performed, 11 so required, for a number of random
patterns and all detected faults are removed from the fault list.
After that, combinational ATPG 1808 1s performed to gener-
ate virtual scan patterns and all detected faults are removed
from the fault list. IT predetermined limiting criteria, such as
a pre-selected fault coverage goal, are met, the HDL test
benches and ATE test programs 1811 are generated while all
reports and errors are saved 1n the report files 1812. If the
predetermined limiting criteria are not met, new input con-
straints 1810 will be used. For example, a new set of values
can be loaded 1nto the virtual scan controller to specily new

input constraints. After that, optional random-pattern fault

simulation 1807 and ATPG 1808 are performed. This 1tera-

tion goes on until the predetermined limiting criteria are met.
FI1G. 19 shows a flow chart of the method for synthesizing
a broadcaster and a compactor to test a scan-based integrated
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circuit, in accordance with the present invention. This method
1900 accepts the user-supplied HDL codes 1901 together
with the chosen foundry library 1902. The HDL codes repre-
sent a sequential circuit comprised of a broadcaster, a full-
scan CUT, and a compactor as shown in FIG. 2. The HDL
codes and the library are then complied into an internal
sequential circuit model 1904. Then, based on the broadcaster
constraints 1908 and the compacter constraints 1909, broad-
caster synthesis 1905 and compactor synthesis 1906 are con-
ducted, respectively. After that, based on the stitching con-
straints 1910, stitching 1907 1s conducted to integrate the
broadcaster and the compactor to the original circuit. At the
end, the synthesized HDL codes 1911 are generated while all
reports and errors are saved 1n the report files 1912.

FIG. 20 shows an example system 1n which the broadcast
scan test method, 1n accordance with the present invention,
may be implemented. The system 2000 1ncludes a processor
2002, which operates together with a memory 2001 to run a
set of the broadcast scan test design software. The processor
2002 may represent a central processing unit of a personal
computer, workstation, mainframe computer or other suitable
digital processing device. The memory 2001 can be an elec-
tronic memory or a magnetic or optical disk-based memory,
or various combinations thereof. A designer interacts with the
broadcast scan test design software run by processor 2002 to
provide appropriate mputs via an mput device 2003, which
may be a keyboard, disk drive or other suitable source of
design mformation. The processor 2002 provides outputs to
the designer via an output device 2004, which may be a
C
{

lisplay, a printer, a disk drive or various combinations of
hese and other elements.

The Present Invention

FIG. 21 shows a block diagram of a broadcast scan test
system based on a random access scan (R AS) architecture for
testing an integrated circuit using an automatic test equip-
ment (ATE). The system 2101 includes an ATE 2102 and an
integrated circuit 2103 which in turn includes a broadcaster
2104, a RAS-based circuit under test (CUT) 2105, and a
compactor 2106. The CUT 21035 contains a RAS core 2107.
The RAS core 2107 comprises one or more random access
scan cells RC 2113.

The broadcaster 2104 can be a pure bullfer network as
shown 1n FIG. 3, or a combinational logic network as shown
in FIG. SA, FIG. 6, FIG. 7, FIG. 8, FIG. 9, FIG. 10, FIG. 11,
or FIG. 12, a multiplexer (MUX) network as shown 1n FIG.
24, or a linear sequential machine as shown 1n FIG. 25 or FIG.
26. In other words, the combinational logic network com-
prises one or more logic gates, including AND gates, OR
gates, NAND gates, NOR gates, XOR gates, XNOR gates,
multiplexers, builers, inverters, or any combination of the
above. The broadcaster 2104 may selectively further com-
prise a virtual scan controller for controlling the operation of
the pure buller network, the combinational logic network, or
the linear sequential machine, using additional virtual scan
inputs MC 2114. The broadcaster 2104 may further selec-
tively comprise a scan connector to reconfigure the RAS core
2107 1nto different scan configurations 1n virtual scan modes
or serial scan mode.

The broadcaster 1s used to map the virtual scan patterns
2110 to broadcast scan patterns. Aided by the column control
logic 2109, the broadcaster can be configured to either a
virtual scan mode where the number of bits of a virtual scan
pattern 1s smaller than that of a broadcast scan pattern, or to
the serial scan mode where the number of bits of a virtual scan
pattern 1s equal to that of a broadcast scan pattern. For

instance, assume the RAS-based CUT 2105 has 10 broadcast
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scan inputs, and contains 160 columns (or scan chains) in the
RAS core 2107. This means the number of bits of the virtual
scan pattern 1s 10. In virtual scan mode, the number of bits of
the broadcast scan pattern will be 160 since the RAS core
2107 has 160 columns (or scan chains). In serial scan mode,
the number of bits of the broadcast scan pattern will be 10
since the RAS core 2107 will be reconfigured to act as having
10 columns (or scan chains). The mode control signals MC
2114 are the signals used for mode control. These mode
control signals MC 2114 can be applied from the ATE.

The compactor 2106 can be an XOR network as shown in
FIG. 14, a MISR as shown 1n FIG. 15, an X-tolerant compac-
tor as shown in FIG. 27, or an X-mask compactor as shown in
FIG. 28. The compactor 1s used to map the internal scan
outputs 2111 of the RAS core 2107 to external scan output
pins 2112, where the number of external scan output pins 1s
equal to the number of broadcast scan inputs which 1s smaller
than the number of internal scan mputs or outputs when the
RAS-based CUT 2105 1s tested in virtual scan mode. It 1s
important to note that in the present invention, it 1s possible to
operate the RAS-based CUT 21035 1n more than one virtual
scan modes as long as the number of external scan input or
output pins 1s smaller than the number of internal scan inputs
or outputs. Consider the example given above, where 10
original scan chains are split into 160 scan chains. One virtual
scan mode may test the RAS-based CUT 2103 with 160 scan
chains, while another virtual scan mode may test the RAS-
based CUT 2105 with 80 scan chains reconfigured from the
original 160 scan chains. The senal scan mode will test the
RAS-based CUT 2105 with 10 scan chains reconfigured from
the original 160 scan chains.

Random access scan cells 1n the RAS core are organized in
rows and columns. When loading patterns, broadcast scan
patterns are loaded to a selected row of scan cells at a time. At
the same time, test responses stored in the selected row of
scan cells are transmitted to the compactor for response com-
paction. The row control logic 2108 1s used for row selection.
The row control logic 2108 can be a shift register, a ring
counter, or a decoder.

The column control logic 2109 1s used for scan reconfigu-
ration. In virtual scan mode, all columns are activated at the
same time. In serial scan mode, columns are merged 1nto
groups so that the number of bits 1n the virtual scan pattern 1s
equal to the number of bits 1n the broadcast scan pattern. In
cach group, only one column 1s selected at a time. For
instance, by merging 160 columns (or scan chains) to 10 long
columns (or scan chains) as 1n the above example, the broad-
caster passes the 10-bit virtual scan pattern directly to the
10-bit broadcast scan pattern for testing the 10 long scan
chains.

FI1G. 22 shows an embodiment of a random access scan cell
(RAS) cell, RC, in the RAS core shown 1n FIG. 21. The RAS
cell RC 2201 1s obtained by modifying a static random access
memory (SRAM) cell.

The RAS cell (RC) consists of four pass transistors 2213 to
2216, four inverters 2217 to 2220, two transistors M_ 2211
and M, 2212, one tri-state buifer 2221, and one tri-state
inverter 2222. During normal operation, row enable signal RE
2233 15 set to 0. With transistors M 2211 and M, 2212
disconnected from the scan data output hnes SD 2231 and SD
2232, the RAS cell acts as a regular D tlip-tlop with data input
from D 2236 and data output connected to () 2238. In test
mode, the clock ® 2244 holds 1 and the normal data 1is
captured 1n the feedback loop of master latch 2202. Note that
when clock ® 1s kept at 1, the feedback loop of the master
latch 2202, together with M _ 2211 and M, 2212, form a

traditional 6-transistor SRAM cell, and hence a read or write
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operation can be performed. A read operation 1s performed
with RE 2233 set to 1 and WE 2243 set to 0. The data stored

in 2234 and 2235 are passed through M 2211 and M, 2212 to
scan data output lines SD 2231 and SD 2232. A write opera-
tion 1s performed with RE 2233 set to O and WE 2243 setto 1.
The data present at the scan data mput line SD 2242 are
passed through tri-state bufler 2221, tri-state iverter 2222,
M 2211, and M, 2212 to store its value in 2234 and 2235 of
the master latch 2202

In the progressive random access scan architecture (PRAS)
proposed 1n the paper co-authored by Baik et al., write opera-
tion 1s performed on one selected RAS cell at a time. In the
present invention, write operation 1s performed over the entire
row of RAS cells at a time. Thus write operation over RAS
core 1n the present invention can be performed at a much
faster speed than 1n PRAS.

FIG. 23 shows an embodiment of a scan connector of the
broadcaster shown 1n FIG. 21, 1n accordance with the present
invention. In this example, a 2-bit virtual scan pattern 721 2351
and 70 2352 can be either expanded into an 8-bit broadcast
scan pattern X7 2354 to X0 2361 and sent to the RAS-based
CUT 2305 1n virtual scan mode, or directly sent to the RAS-
based CUT 2305 without being expanded in serial scan mode.
The RAS-based CUT 2305 comprises a column line driver
2306 and a RAS core 2307.

The broadcaster 2301 may further selectively comprise a
virtual scan controller 2302 with virtual scan mputs from
column address CA 2353 and mode control signals MC 2383.
The broadcaster 2301 may further selectively comprise a scan
connector 2304 to reconfigure the RAS core 2307 into differ-
ent scan configurations in virtual scan modes or serial scan
mode. In this example, the scan connector 2304 comprises
cight multiplexers 2321 to 2328. A control signal MCA 2362
1s connected to the control mputs of these eight multiplexers
2321 to0 2328. The O ports of the multiplexers 2321 to 2328 are
connected to the outputs of the combinational logic network
2303. The 1 ports of the four leftmost multiplexers 2321 to
2324 are connected to Z1 2351. The 1 ports of the four
rightmost multiplexers 2324 to 2328 are connected to Z0
2352. The outputs of multiplexers 2321 to 2328 are connected
to the iputs 2385 to 2392 of the RAS-based CUT 2305. The
combinational logic network 2303 comprises one or more
logic gates, including AND gates, OR gates, NAND gates,
NOR gates, XOR gates, XNOR gates, multiplexers, butters,
iverters, or any combination of the above.

Controlled by the virtual scan controller 2302, the RAS-
based CUT 2305 can be reconfigured and tested 1n various
test modes, such as virtual scan modes and serial scan mode.
The virtual scan controller 2302 can be either butters, invert-
ers, or a combinational logic such as a decoder, or a finite-
state machine controller such as a shiit register. The finite-
state machine controller contains one or more memory
clements, such as D thp-flops or D latches. It 1s loaded with a
predetermined state during each shift cycle or before a test
session starts to control the operation of the broadcaster. The
scan connector 2304 1n the broadcaster 2301, the column line
driver 2306 1n the RAS-based CUT 2305, and the mask net-
work 2309 1n the compactor 2308 perform such scan recon-
figurability.

When the mode control signal MC 2383, which 1s an input
of the virtual scan controller 2302, 1s set to 0, the RAS-based
integrated circuit 2393 1s configured 1nto a virtual scan mode.
In the virtual scan mode, the virtual scan controller 2302
generates a logic 0 at the control line MCA 2362 and a
broadcast scan pattern on the combinational logic network
outputs X7 2354 to X0 2361 is transmitted directly to the
inputs of the RAS-based CUT 2385 to 2392. The column line
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driver 2306, controlled by the control line MCB 2363 from
the virtual scan controller 2302, acts as a butfer 1n the virtual
scan mode and transmits the mgnals at 1ts inputs 2385 to 2392
directly to its outputs 2365 to 2372. On the compactor side,
the virtual scan controller 2302 generates an all-one value at
the control lines MCC 2384 allowing the test response
appearing at the outputs 2373 to 2380 of the RAS core 2307
to pass through the mask network 2309 for compaction in the
XOR network 2310. The XOR network 2310 receives imnputs
2311 to 2318 from the mask network 2309 and compacts
these signal values through the XOR gates 2337 to 2342 to
generate the two output signals 2381 and 2382.

Conversely, when the mode control signal MC 2383 1s set
to 1, the RAS-based integrated circuit 1s configured into the
serial scan mode. In the serial scan mode, the control line
MCB 2363 is set to 1. Thus, the leftmost four inputs 2385 to
2388 of the column line driver 2306 are connected to the
external input Z1 2351 without going through the combina-
tional logic network 2303. Similarly the nghtmost four inputs
2389 to 2392 of the column line driver 2306 are connected to
the external input Z0 2352 without going through the combi-
national logic network 2303. The column line driver 2306
enables the columns of the RAS core 2307 fed by 1ts four
iputs 2365 to 2368 one at a time such that virtual scan
patterns placed at the external input Z1 2351 1s transmitted to
one of those columns at a time. In a similar way, virtual scan
patterns placed at the external input Z0 2352 1s transmitted to
one of those columns fed by inputs 2389 to 2392 of the
column line driver 2306 at a time. In this way, the RAS core
cifectively recerves virtual scan patterns directly from the two
external inputs Z1 2351 and 70 2352. On the compactor side,
AND gates 2329 to 2336 in the mask network 2309 are
enabled two at time, one from the group of AND gates 2329
to 2332, another from the group of AND gates 2333 to 2336.
Thus 1n the serial scan mode, responses from two selected
outputs 2373 to 2380 of the RAS-based CUT 23035 are com-
pacted at a time.

FI1G. 24 shows an embodiment of the broadcaster shown in
FIG. 21, 1n accordance with the present invention, using a
multiplexer (MUX) network. In this example, a 5-bit virtual
scan pattern 1s converted into an 8-bit broadcast scan pattern
via the broadcaster 2401.

The broadcaster consists of a MUX network 2402, which
contains five multiplexers 2403 to 2407. Virtual scan patterns
2422 are applied via broadcast scan inputs X4 2408 to X0
2412. The MUX network 2402 implements a fixed mapping
function, which converts a virtual scan pattern into a broad-
cast scan pattern. The broadcast scan pattern 1s then applied to
the RAS-based CUT 2421 viaY0 2413 to Y7 2420.

The virtual scan mput X0 2412 1s connected to the control
inputs ol all multiplexers 2403 to 2407 1n the MUX network
2402. By setting X0 2412 to two different logic values, 0 and
1, two different mapping functions between the virtual scan
patterns and broadcast scan patterns are realized by the MUX
network 2402.

FI1G. 25 shows an embodiment of the broadcaster shown in
FIG. 21, 1n accordance with the present invention, using an

input-tapped linear sequential machine 2529 and an XOR
network 2530. The XOR network 2530 1s of

ten referred to as
a phase shifter 2530. In many cases, the phase shifter 2530
may not be needed.

In this example, 8-bit broadcast scan patterns Y7 2518 to
Y0 2525 are generated by the broadcaster. The input-tapped
linear sequential machine 2529 consists of eight D tlip-tlops
2501 to 2508 and five XOR gates 2509 to 2513. Two external
scan mputs Z1 2528 and 70 2527 are connected or tapped to
the two XOR gates 2509 and 2512, respectively.
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To generate broadcast scan patterns, all D flip-flops 2501 to
2508 1n the input-tapped linear sequential machine 2529 are
first mitialized to an 1mitial seed or a predetermined state
during each shift cycle or between test sessions. Then, virtual
scan patterns are loaded through external scan inputs 71 2528
and 7.0 2527 by cycling through the linear sequential machine
2529 for a predetermined number of clock cycles, while the
generated patterns X3 2514 to X0 2517 are loaded into the
RAS-based CUT 2526 via the optional phase shifter 2530.

FIG. 26 shows a second embodiment of the broadcaster
shown 1n FIG. 21, 1n accordance with the present invention,
using a reseeding linear sequential machine 2627 and an
XOR network 2628. The XOR network 2628 1s often referred
to as a phase shifter 2628. In many cases, the phase shifter
2628 may not be needed.

In this example, 8-bit broadcast scan patterns Y7 2618 to
YO0 2625 are generated by the broadcaster. The reseeding
linear sequential machine 2627 consists of eight D tlip-tlops
2601 to 2608 and three XOR gates 2609 to 2611. No addi-
tional XOR gates are connected or tapped to external scan
inputs as 1n the case of the input-tapped linear sequential
machine 2529 shown in FIG. 25.

To generate broadcast scan patterns, all D tlip-tlops 2601 to
2608 1n the reseeding linear sequential machine 2627 are first
initialized to an 1nitial seed or a predetermined state during
each shift cycle or between test sessions. Then, virtual scan
patterns are generated by cycling through the linear sequen-
tial machine 2627 for a predetermined number of clock
cycles, while the generated patterns X3 2614 to X0 2617 are
loaded 1nto the RAS-based CUT 2626 via the optional phase
shifter 2628.

FIG. 27 shows an embodiment of the compactor shown 1n
FIG. 21, in accordance with the present invention, using an
X-tolerant compactor 2740. The X-tolerant compactor 2740
1s an XOR network with X-tolerance which means at least one
external input of the XOR network 1s connected to the mputs
of two or more XOR gates. An XOR network without X-tol-
erance means that each external mput of the compactor 1s
connected to only one input of an XOR gate.

The test response appeared at the output lines SC7 2717 to
SCO 2724 of the RAS-based CUT 2701 passes through the
X-tolerant compactor 2740 for compaction. The compaction
result 1s sent out to ATE for comparison via outputs Y4 2735
to Y9 2739. The X-tolerant compactor 2740 comprises fifteen
XOR gates 2702 to 2716.

To construct the X-tolerant compactor 2740, at least one
output line SC7 2717 to SCO 2724 of the RAS-based CUT
2701 must be connected to two or more XOR gates 2702 to
2716. In this example, each output of the RAS-based CUT 1s
connected to three different XOR gates to tolerate unknowns
(X’s). Take line SC7 2717 as an example, a fault effect on this
line can only be blocked when there 1s an ‘X’ appearing at
each ofthe following three groups of output lines: {SC6, SCS5,
SC4, SC3, SC2}, {SC5, SC4, SC1}, and {SC6, SC3, SCO}.

FIG. 28 shows an embodiment of the compactor shown 1n
FIG. 21, 1n accordance with the present imnvention, using an
X-mask compactor 2811.

The RAS-based CUT 2801 accepts a broadcast scan pat-
tern 2833 to 2840 and generates a test response 2841 to 2848.
The test response appearing at the output lines 2841 to 2848
of the RAS-based CUT 2801 passes through a mask network
2812 and an XOR network 2822. The mask network consists
of two groups of AND gates. 2814 to 2817 and 2818 to 2821,
cach group being controlled by the four outputs generated by
amodified 2-to-4 decoder 2813. In diagnosis mode or 1n serial
scan mode where the signal mode 2849 1s set to 1, this decoder
2813 decodes the logic values on the mode control signals
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MC1 2829 and MC2 2830 to one of the following four logic
combinations: 1000, 0100, 0010, and 0001. Each logic com-
bination will allow only two output lines 2841 to 2848 of the
test response to pass to 2831 and 2832. Obviously, this will
help 1n fault diagnosis. In test mode where the signal mode
2849 15 set to 0, this decoder 2813 will generate an all-1 logic
value. This will allow the test response to pass to 2831 and

2832 through the XOR network 2822 for response compac-
tion. The XOR network 2822 consists of two 4-to-1 XOR
trees, composed of XOR gates 2823 to 2825 and XOR gates
2826 to 2828, respectively.

Having thus described presently preferred embodiments of
the present invention, 1t can now be appreciated that the
objectives of the mvention have been fully achieved. And 1t
will be understood by those skilled in the art that many
changes in construction & circuitry, and widely differing
embodiments & applications of the mvention will suggest
themselves without departing from the spirit and scope of the
present invention. The disclosures and the description herein
are intended to be 1llustrative and are not 1n any sense limita-
tion of the invention, more preferably defined 1n scope by the
tollowing claims.

What 1s claimed 1s:

1. An apparatus that accepts a virtual scan pattern stored 1n
an ATE (automatic test equipment) for generating broadcast
scan pattern 1n a broadcaster having n broadcast scan inputs
and m outputs to test a random access scan based (RAS-
based) integrated circuit, where n<m, the RAS-based inte-
grated circuit containing an m-input and m-output a RAS core
organized 1n an array ol RAS cells so that each row 1s ran-
domly and uniquely addressable, the inputs to the RAS core
connected to the outputs of the broadcaster, the outputs from
the RAS core connected to the mputs of a compactor having,
m mputs and k outputs for compacting selected outputs of aid
RAS core for comparison in said ATE, where k<m, said
apparatus comprising;

a) said broadcaster having said broadcast scan inputs that
accepts virtual scan patterns via 1ts said broadcast scan
inputs for generating broadcast scan patterns as inputs to
said RAS core; wherein said broadcaster comprises a
combinational logic network comprising one or more
logic gates, including AND gates, OR gates, NAND
gates, NOR gates, XOR gates, XNOR gates, multiplex-
ers, bullers, mnverters, or any combination of the above.

2. The apparatus of claim 1, wherein said broadcaster fur-
ther comprises a virtual scan controller connected to said
combinational logic network for controlling the operation of
said broadcaster during each shift cycle or between test ses-
S1011S.

3. The apparatus of claim 1, further comprising using a
scan connector to reconfigure said broadcaster, wherein said
scan connector comprises one or more logic gates, including
AND gates, OR gates, NAND gates, NOR gates, XOR gates,
XNOR gates, rnultiplexers, butlers, inverters, or any combi-
nation of the above.

4. The apparatus of claim 2, wherein said virtual scan
controller further comprises one or more butlfers or inverters.

5. The apparatus of claim 2, wherein said virtual scan
controller 1s a decoder.

6. The apparatus of claim 2, wherein said virtual scan
controller 1s a finite-state machine controller containing one
or more memory elements, such as D tlip-tlops or D latches,
wherein said finite-state machine controller 1s loaded with a
predetermined state during each shift cycle or belfore a test
session starts.

7. The apparatus of claim 2, wherein said virtual scan
controller 1s a shift register.
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8. The apparatus of claim 2, wherein said virtual scan
controller 1s a linear sequential machine containing one or
more memory elements, such as D flip-tlops or D latches, and
one or more XOR gates that have no external inputs, wherein
said linear sequential machine 1s loaded with a predetermined
state during each shiit cycle or before a test session starts.

9. The apparatus of claim 2, wherein said virtual scan
controller 1s a linear sequential machine containing one or
more memory elements, such as D flip-tlops or D latches, and
one or more XOR gates some of which have external inputs,
wherein said finite-state machine controller 1s loaded with a
predetermined state during each shift cycle or belfore a test
session starts.

10. The apparatus of claim 1, further comprising transmit-
ting said virtual scan patterns to saidvirtual scan mputs and
said broadcast scan 1mputs of said broadcaster and transmit-
ting said broadcast scan patterns generated by said broad-
caster to selected scan data mputs of said scan cells 1n said
RAS-based integrated circuit.

11. The apparatus of claim 1, further comprising storing
said virtual scan patterns 1 an ATE (automatic test equip-
ment), transmitting said virtual scan patterns to said broad-
caster and transmitting said broadcast scan patterns generated
by said broadcaster to said RAS-based integrated circuit for
test manufacturing faults, including stuck-at faults, transition
faults, path-delay faults, IDDQ (IDD quescent current)
faults, and bridging faults, within said RAS-based integrated
circuit.

12. The apparatus of claim 1, further comprising placing
said broadcaster selectively inside or external to said RAS-
based 1ntegrated circuit.

13. The apparatus of claim 1, wherein said compactor 1s
selectively modeled using simulation 1n said ATE or placed
between said RAS-based integrated circuit and said ATE.

14. The apparatus of claim 1, wherein said compactor 1s
selectively an XOR network with or without X-tolerance, or
a multiple-input signatuze register (MISR), wherein said
multiple-input signature register (MISR) further comprises a
plurality of XOR gates and a plurality of memory elements,
such as D flip-flops or D latches, wherein said XOR network
with X-tolerance means that at least one external input of said
XOR network 1s connected to the inputs of two or more XOR
gates, and wherein said XOR network without X-tolerance
means that each external input of said XOR network 1s con-
nected to only one mput of an XOR gate.

15. The apparatus of claim 1, wheremn said compactor
turther comprises using a mask network to enable or disable
testing or diagnosis of selected scan cells, wherein said mask
network mcludes one or more AND gates.

16. The apparatus of claim 1, wherein said compactor 1s
selectively placed within said RAS-based integrated circuit or
inside said ATE.

17. A method that accepts a virtual scan pattern stored 1n an
ATE (automatic test equipment) for generating broadcast
scan pattern in a broadcaster having n broadcast scan inputs
and m outputs to test a random access scan based (RAS-
based) integrated circuit; where n<m. the RAS-based inte-
grated circuit containing an m-1nput and m-output RAS core
organized 1n an array of RAS cells so that each row 1s ran-
domly and uniquely addressable, the inputs to the RAS core
connected to the outputs of the broadcaster, the broadcaster
comprising a combinatonal logic network that includes one or
more logic gates, imncluding AND gates, OR gates, NAND
gates, NOR gates, XOR gates, XNOR gates, multiplexers,
builers, inverters, or any combination of the above, the out-
puts from the RAS core connected to the inputs of a compac-
tor having m inputs and k outputs for compacting selected
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outputs of said RAS core for comparison 1n said ATE, where
k<m, said method comprising;:

a) placing said broadcaster between said ATE and said
RAS-based integrated circuit;

b) transmitting a new said virtual scan pattern stored in said
ATE to said broadcaster for generating said broadcast
scan pattern to test manufacturing faults in said RAS-
based 1ntegrated circuit; and

¢) comparing the test response of said RAS-based inte-
grated circuit with the expected test response.

18. The method of claim 17, wherein said broadcaster

consists of pure butfer wires.

19. The method of claim 17, wherein said broadcaster
having said broadcast scan inputs accepts said virtual scan
patterns via its said broadcast scan inputs for generating said
broadcast scan patterns as inputs to said RAS core.

20. The method of claim 17, wherein said broadcaster
turther comprising using a scan connector to reconfigure said
broadcaster, wherein said scan connector comprises one or
more logic gates, including AND gates, OR gates, NAND
gates, NOR gates, XOR gates, XNOR gates, multiplexers,
butlers, inverters, or any combination of the above.

21. The method of claim 17, wherein said broadcaster
turther comprises using a virtual scan controller to control
said combinational logic network, wherein said virtual scan
controller controls the operation of said broadcaster during
cach shiit cycle or between test sessions.

22. The method of claim 21, wherein said virtual scan
controller further comprises one or more butlfers or inverters.

23. The method of claim 21, wherein said virtual scan
controller 1s a decoder.

24. The method of claim 21, wherein said virtual scan
controller 1s a finite-state machine controller containing one
or more memory elements, such as D tlip-tlops or D latches,
wherein said finite-state machine controller 1s loaded with a
predetermined state during each shift cycle or belfore a test
session starts.

25. The method of claim 21, wherein said virtual scan
controller 1s a shift register.

26. The method of claim 21, wherein said virtual scan
controller 1s a linear sequential machine containing one or
more memory elements, such as D flip-flops or D latches, and
one or more XOR gates that, have no external inputs, wherein
said linear sequential machine 1s loaded with a predetermined
state during each shiit cycle or before a test session starts.

27. The method of claim 21, wherein said virtual scan
controller 1s a linear sequential machine containing one or
more memory elements, such as D flip-tlops or D latches, and
one or more XOR gates some of which have external inputs,
wherein said finite-state machine controller 1s loaded with a
predetermined state during each shift cycle or belfore a test
session starts.

28. The method of claim 17, wherein said broadcaster 1s
selectively placed within said scan-based integrated circuit or
inside said ATE.

29. The method of claim 17, wherein said comparing the
test response of said RAS-based integrated circuit with the
expected test response further comprises using said compac-
tor for compacting selected outputs of said integrated circuit
for comparison, wherein said compactor 1s selectively mod-
cled using simulation 1n said ATE or placed between said
RAS-based mtegrated circuit and said ATE.

30. The method of claim 29, wherein said compactor 1s
selectively an XOR network with or without X-tolerance, or
a multiple-input signature register (MISR), wherein said mul-
tiple-input signature register (MISR) further comprises a plu-
rality of XOR gates and a plurality of memory elements, such
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as D tlip-tflops or D latches, wherein said XOR network with
X-tolerance means that at least one external input of said
XOR network 1s connected to the mnputs of two or more XOR
gates, and wherein said XOR network without X-tolerance
means that each external input of said XOR network 1s con-
nected to only one mput of an XOR gate.

31. The method of claim 29, wherein said compactor fur-
ther comprises using a mask network to enable or disable
testing or diagnosis of selected scan cells, wherein said mask
network mcludes one or more AND gates.

32. The method of claim 29, wherein said compactor 1s
selectively placed within said RAS-based integrated circuit or
inside said ATE.

33. The method of claim 17, wherein said broadcast scan
patterns are chosen to test said manufacturing faults, includ-
ing stuck-at faults, transition faults, path-delay faults, IDD(Q)
(IDD quescent current) faults, and bridging faults, i said
RAS-based integrated circuit.

34. A method that accepts virtual scan patterns stored 1n an
ATE (automatic test equipment) for generating broadcast
scan patterns 1n a broadcaster having n broadcast scan inputs
and m outputs to test a random access scan based (RAS-
based) integrated circuit, where n<m, the RAS-based inte-
grated circuit containing an m-1nput and m-output RAS core
orcranized in an array of RAS cells so that each row 1s ran-
domly and uniquely addressable, the mputs to the RAS core
connected to the outputs of the broadcaster, the broadcaster
comprising a combinational logic network that includes one
or more logic gates, including AND gates, OR gates, NAND
gates, NOR gates, XOR gates, XNOR gates, multiplexers,
butlers, inverters, or any combination of the above, the out-
puts Irom the RAS core connected to the inputs of a compac-
tor having m inputs and k outputs for compacting selected
outputs of said RAS core for comparison in said ATE, where
k<m, said system comprising:

a) using simulation, modeling said broadcaster 1n said

ATE;

b) applying a new said virtual scan pattern stored in said
ATE to generate said broadcast scan pattern using the
simulated broadcaster model;

¢) transmitting said broadcast scan pattern generated by
said broadcaster 1n said ATE to said scan cells 1n said
R AS-based integrated circuit for testing manufacturing
faults 1 said RAS-based integrated circuit; and

d) comparing the test response of said RAS-based 1inte-
grated circuit with the expected test response.

35. The method of claim 34, wherein said broadcaster

consists of pure wires.

36. The method of claim 34, wherein said broadcaster
having said broadcast scan inputs accepts said virtual scan
atterns via 1ts said broadcast scan mputs for generating said
broadcast scan patterns as mnputs to said RAS core.

377. The broadcaster of claim 34, further comprising using,
a scan connector to reconfigure said broadcaster, wherein said
scan connector comprises one or more logic gates, including,
AND gates, OR gates, NAND gates, NOR gates, XOR gates,
XNOR gates, multiplexers, buffers, inverters, or any combi-
nation of the above.

38. The method of claim 34, wherein said broadcaster
further comprises using a virtual scan controller to control
said combinational logic network, wherein said virtual scan
controller controls the operation of said broadcaster during
cach shiit cycle or between test sessions.

39. The method of claim 38, wherein said virtual scan
controller further comprises one or more butlers or inverters.

40. The method of claim 38, wherein said virtual scan
controller 1s a decoder.
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41. The method of claim 38, wherein said virtual scan
controller 1s a fimite-state machine controller containing one
or more memory elements, such as D tlip-tlops or D latches,
wherein said finite-state machine controller 1s loaded with a
predetermined state before a test session starts.

42. The method of claim 38, wherein said virtual scan
controller 1s a shift register.

43. The method of claim 38, wherein said virtual scan
controller 1s a linear sequential machine containing one or
more memory elements, such as D flip-tlops or D latches, and
one or more XOR gates that have no external inputs, wherein
said linear sequential machine 1s loaded with a predetermined
state during each shift cycle or before a test session starts.

44. The method of claim 38, wherein said virtual scan
controller 1s a linear sequential machine containing one or
more memory elements, such as D flip-flops or D latches, and
one or more XOR gates some of which have external inputs,
wherein said fimite-state machine controller 1s loaded with a
predetermined state during each shift cycle or before a test
session starts.

45. The method of claim 34, wherein said comparing the
test response of said RAS-based integrated circuit with the
expected test response further comprises using a compactor
for compacting selected outputs of said integrated circuit for
comparison, wherein said compactor 1s selectively modeled
using simulation in said ATE or placed between said RAS-
based mtegrated circuit and said ATE.

46. The method of claim 45, wherein said compactor 1s
selectively an XOR network with or without X-tolerance, or
a multiple-input signature register (MISR), wherein said mul-
tiple-input signature register (MISR) further comprises a plu-
rality of XOR gates anda plurality of memory elements, such
as D tlip-flops or D latches, wherein said XOR network with
Xtolerance means that at least one external input of said XOR.
network 1s connected to the inputs of two or more XOR gates,
and wherein said XOR network without X-tolerance means
that each external input of said XOR network 1s connected to
only one 1nput of an XOR gate.

47. The method of claim 45, wherein said compactor fur-
ther comprises using a mask network to enable or disable
testing or diagnosis of selected scan cells, wherein said mask
network includes one or more AND gates.

48. The method of claim 45, wherein said compactor 1s
selectively placed within said PAS-based integrated circuit or
inside said ATE.

49. A broadcaster having n broadcast scan mputs and m
outputs that accept virtual scan patterns via said broadcast
scan inputs for generating broadcast scan patterns to test a
scan-based integrated circuit, where n<m. the scan-based
integrated circuit containing multiple scan chains, each scan
chain comprising multiple scan cells, said broadcaster com-
prising:

a) a multiplexer network directly connected to said broad-
cast scan 1puts, said multiplexer network having out-
puts connected to selected scan 1nputs of all said scan
chains.

50. The broadcaster of claim 49, further comprising a first
scan connector for selectively selecting said outputs of said
multlplexer network or selected scan outputs of all said scan
chains for connection to selected scan inputs of all said scan
chains; wherein said first scan connector comprises a second
multiplexer network, and said second multiplexer network 1s
controlled by one or more virtual scan inputs and 1s loaded
with a predetermined state before a test session starts.

51. The broadcaster of claim 50, wherein said first scan
connector further comprising a second scan connector
inserted 1nto a selected scan chain to reduce or eliminate the
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inter-dependency of said selected scan chain on other selected
scan chains using a multiplexer controlled by one or more
said virtual scan 1nputs, wherein said second scan connector
further comprises one or more spare scan cells.

52. The broadcaster of claim 49, further comprising a third
scan connector mserted into the outputs of said mutiplexer
network and selected scan cells within said scan chains to
selectwely reorder the scan cells within each selected scan
chain, split a selected scan chain to two or more short scan
chains or merge a plurality of selected scan chains into one
long scan chain, and wherein said third scan connector further
comprises one or more multiplexers and wherein said multi-
plexers are controlled by one or more said virtual scan inputs.

53. The broadcaster of claim 49, further including a virtual
scan controller comprising one or more memory elements,
such as flip-flops or latches, for controlling the operation of
said multiplexer network; wherein said virtual scan controller
1s controlled by one or more second virtual scan inputs and 1s
loaded with a predetermined state before a test session starts.

54. The broadcaster of claim 53, wherein said virtual scan
controller 1s a finite-state machine.

55. The broadcaster of claim 53, wherein said virtual scan
controller 1s a shift register.

56. The broadcaster of claim 49, wherein said multiplexer
network further comprises one or more combinational logic
gates, selected from AND gates, OR gates, NAND gates,
NOR gates, XOR gates, XNOR gates, builers, inverters, or a
combination of the above.

57. The broadcaster of claim 49, further comprising means
for transmitting said virtual scan patterns to said broadcast
scan mputs and selected virtual scan inputs of said broad-
caster and transmitting said broadcast scan patterns generated
by said broadcaster to selected scan inputs of said scan chains
in said scan-based integrated circuit.

58. The broadcaster of claim 49, including an ATE (auto-
matic test equipment) wherein said virtual scan patterns are
stored 1n said ATE, transmitting said virtual scan patterns
from said ATE to said broadcaster and transmitting said
broadcast scan patterns generated by said broadcaster to said
scan-based integrated circuit for test manufacturing faults,
including stuck-at faults, transition faults, path-delay faults,
IDDQ (IDD quiescent current) faults, and bridging faults,
within said scan-based mtegrated circuit.

59. The broadcaster of claim 49, wherein said broadcaster
1s selectively located inside or external to said scan-based
integrated circuit.

60. A method that accepts a virtual scan pattern stored 1n an
ATE (automatic test equipment) for generating a broadcast
scan pattern in a broadcaster having n broadcast scan inputs
and m outputs to test a scan-based integrated circuit, where
n<m. the broadcaster accepting the virtual scan patterns via
broadcast scan inputs for generating the broadcast scan pat-
terns, the scan-based integrated circuit contaiming multiple
scan chains, each scan chain comprising multiple scan cells,
the scan chains coupled to the broadcaster, the broadcaster
comprising a multiplexer network directly connected to said
broadcast scan inputs, said multiplexer network having
selected outputs and selected scan outputs of all said scan
chains connected to selected scan inputs of all said scan
chains, said method comprising:

a) placing said broadcaster between said ATE
scan-based integrated circuit;

b) transmitting said virtual scan pattern stored in said ATE
to said broadcaster for generating said broadcast scan
pattern to test manufacturing faults 1n said scan-based
integrated circuit; and

and said
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¢) comparing a test response of said scan-based integrated

circuit with an expected test response.

61. The method of claim 60, further comprising a first scan
connector for connecting the outputs of said multiplexer net-
work and selected scan outputs of all said scan chains to
selected scan inputs of all said scan chains; wherein said first
scan connector further comprises a second multiplexer net-
work controlled by one or more virtual scan mputs.

62. The method of claim 60, further comprisincr a second
scan connector mserted into the outputs of said multiplexer
network and selected scan cells within said scan chains to
selectlvely reorder the scan cells within each selected scan
chain, split a selected scan chain to two or more short scan
chain; or merge a plurality of selected scan chains mnto one
long scan chain; and wherein said second scan connector
includes one or more bullers, mnverters, lockup elements each
comprisincr a memory element such as flip-flop or latch,
spare scan cells, multiplexers, or any combination of the
above.

63. The method of claim 60, wherein said broadcaster
turther includes using a virtual scan controller comprising
one or more memory elements, such as flip-tlops or latches to
control said multiplexer network; wherein said virtual scan
controller 1s connected to one or more virtual scan inputs and
1s loaded with a predetermined state before a test session
starts.

64. The method of claim 63, wherein said selected virtual

scan controller 1s a finite-state machine.

65. The method of claim 63, wherein said selected virtual
scan controller 1s a shift register.

66. The method of claim 60, wherein said multiplexer
network further comprises one or more combinational logic
gates, selected from AND gates, OR gates, NAND gates,
NOR gates, XOR gates, XNOR gates, butlfers, inverters, or a
combination of the above.

67. The method of claim 60, further comprising means for
transmitting said virtual scan patterns to said broadcast scan
inputs and said virtual scan inputs of said broadcaster and
transmitting said broadcast scan patterns generated by said
broadcaster to selected scan inputs of said scan chains 1n said
scan-based integrated circuit.

68. The method of claim 60, wherein said broadcaster 1s
selectively placed within said scan-based integrated circuit or
inside said ATE.

69. The method of claim 60, wherein said comparing a test
response of said scan-based integrated circuit with an
expected test response further comprises using a compactor
for compacting selected outputs of said scan-based integrated
circuit for comparison, wherein said compactor 1s selectively
modeled using simulation 1n said ATE or placed between said
scan-based integrated circuit and said ATE.

70. The method of claim 69, wherein said compactor 1s
selectively an XOR network or a multiple-input signature
register (MISR ), wherein said multiple-input signature regis-
ter (MISR). further comprises a plurality of XOR gates and a
plurality of memory elements, such as flip-flops or latches.

71. The method of claim 69, wherein said compactor fur-
ther includes using a mask network to enable or disable test-
ing or diagnosis of selected scan cells 1n selected scan chains,
wherein said mask network includes one or more selected
second AND gates, selected second NAND gates, selected
second OR gates, selected second NOR gates, and selected
second multiplexers.

72. The method of claim 69, wherein said compactor 1s
selectively placed within said scan-based integrated circuit or

inside said ATE.
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73. The method of claim 60, wherein said broadcast scan
patterns are chosen to test said manufacturing faults, includ-
ing stuck-at faults, transition faults, path-delay faults, IDDQ
(IDD guiescent current) faults, and bridging faults, in said
scan-based integrated circuit.

74. A method that accepts a virtual scan pattern stored 1n an
ATE (automatic test equipment) for generating a broadcast
scan pattern in a broadcaster having n broadcast scan inputs
and m outputs to test a scan-based integrated circuit, where
n<m. the broadcaster accepting the virtual scan patterns via
broadcast scan inputs for generating the broadcast scan pat-
terns, the scan-based integrated circuit contaiming multiple
scan chains, each scan chain comprising multiple scan cells,
the scan chains coupled to the broadcaster, the broadcaster
comprising a multiplexer network directly connected to said
broadcast scan inputs, said multiplexer network having
selected outputs and selected scan outputs of all said scan
chains connected to selected scan iputs of all said scan
chains, said method comprising:

a) using simulation, modeling said broadcaster 1n said

ATE;

b) applying said virtual scan pattern stored in said ATE to
generate said broadcast scan pattern using the simulated
broadcaster model;

¢) transmitting said broadcast scan pattern generated by
said broadcaster 1n said ATE to said scan chains 1n said
scan-based integrated circuit for testing manufacturing,
faults 1n said scan-based integrated circuit; and

d) comparing a test response of said scan-based integrated
circuit with an expected test response.

75. The method of claim 74, further comprising a first scan
connector for selectively selecting the outputs of said multi-
plexer network and selected scan outputs of all said scan
chains for connection to selected scan inputs of all said scan
chains; wherein said first scan connector further comprises a
second multiplexer network controlled by one or more virtual
scan nputs.

76. The method of claim 74, further comprising a second
scan connector inserted nto the outputs of said multiplexer
network and selected scan cells within said scan chains to
selectwely reorder the scan cells within each selected scan
chain, split a selected scan chain to two or more short scan
chains, or merge a plurality of selected scan chains 1nto one
long scan chain; and wherein said second scan connector
includes one or more butlers, inverters, lockup elements each
comprising a memory element such as flip-flop or latch, spare
scan cells, multiplexers, or any combination of the above.

77. The method of claim 74, wherein said broadcaster
turther includes using a virtual scan controller comprising
one or more memory elements, such as flip-tlops or latches to
control said multiplexer network; wherein said virtual scan
controller 1s connected to one or more virtual scan inputs and
1s loaded with a predetermined state before a test session
starts.

78. The method of claim 77, wherein said selected virtual
scan controller 1s a finite-state machine.

79. The method of claim 77, wherein said selected virtual
scan controller 1s a shift register.

80. The method of claim 74, wheremn said multiplexer
network further comprises one or more combinational logic
gates, selected from AND gates, OR gates, NAND gates,
NOR gates, XOR gates, XNOR gates, bullers, inverters, or a
combination of the above.

81. The method of claim 74, further comprising means for
transmitting said virtual scan patterns to said broadcast scan
iputs and said virtual scan inputs of said broadcaster, and
means for transmitting said broadcast scan patterns generated
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by said broadcaster to selected scan mputs of said scan chains
in said scan-based integrated circuit.

82. The method of claim 74, wherein said comparing a test
response of said scan-based integrated circuit with an
expected test response further comprises using a compactor
for compacting selected outputs of said scan-based integrated
circuit for comparison, wherein said compactor 1s selectively
modeled using simulation 1n said ATE or placed between said
scan-based integrated circuit and said ATE.

83. The method of claim 82, wherein said compactor 1s
selectively an XOR network or a multiple-input signature
register (MISR), wherein said multiple-input signature regis-
ter (MISR) further comprises a plurality of XOR gates and a
plurality of memory elements, such as tlip-tlops or latches.

84. The method of claim 82, wherein said compactor fur-
ther includes using a mask network to enable or disable test-
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ing or diagnosis of selected scan cells 1n selected scan chains,
wherein said mask network includes one or more selected
second AND gates, selected second NAND gates, selected
second OR gates, selected second NOR gates, and selected
second multiplexers.

85. The method of claim 82, wherein said compactor 1s

selectively placed within said scan-based integrated circuit or
inside said ATE.

86. The method of claim 74, wherein said broadcast scan
patterns are chosen to test said manufacturing faults, includ-
ing stuck-at faults, transition faults, path-delay faults, IDD(Q
(IDD quescent current) faults, and bridging faults, i said
scan-based integrated circuit.
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